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MEASUREMENT TECHNIQUES AND INSTRUMENTS SUITABLE FOR 
LIFE-PREDICTION TESTING OF PHOTOVOLTAIC ARRAYS 


ABSTRACT 

The validation of a service life of 20 years for low-cost photovoltaic arrays is a 
critical requirement in the Low-Cost Silicon Solar Array Protect that is being conducted 
by the Jet Propulsion Laboratory for the Department of Energy, Division of Solar 
Technology Of necessity, this validation must be accomplished through accelerated 
life-prediction tests A methodology for such tests has been developed in a preceding 
study at Battelle for the LSSA Project Remaining needs before such tests are carried 
out are the identification, assessment, and experimental evaluation of diagnostic tech- 
niques and instruments which make possible the measurement of failure-related degrada- 
tive prop'erty changes over a short time period with sufficient precision to allow the 
prediction of life over 20 years 

A two-phase study is being conducted addressing these needs Phase I, the results 
of which are discussed in this report, consists of the initial identification and assessment 
of all known measurement techniques and instruments that might be used in these life- 
prediction tests. Phase II will consist of experimental evaluations of selected techniques 
and instruments 

Array failure modes, relevant materials property changes, and primary degradation 
mechanisms are discussed as a prerequisite to identifying suitable measurement techniques 
and instruments Candidate techniques and instruments are identified on the basis of ex- 
tensive reviews of published and unpublished information These methods are organized 
in SIX measurement categories — chemical, electrical, optical, thermal, mechanical, and 
“other physicals”. Using specified evaluation criteria, the most promising techniques and 
instruments for use in life-prediction tests of arrays are then selected 

These recommended techniques and their characteristics are described in the rep'ort. 
Instances are identified in which experimental evaluations are necessary to provide a basis 
for selecting among techniques with overlapping capabilities. Recommendations are made 
regarding establishment of the adequacy, particularly with respect to precision, of the 
more fully developed techniques for this application, and regarding the experimental eval- 
uation of promising developmental techniques Measurement needs not satisfied by pres- 
ently available techniques I instruments are also identified Investigations of some of the 
recommended techniques (within the level-of-effort of the study) are being planned fot 
Phase II 
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MEASUREMENT TECHNIQUES AND INSTRUMENTS 
SUITABLE FOR LIFE-PREDICTION TESTING 
OF PHOTOVOLTAIC ARRAYS 


SUMMARY 


The results are reported for the first phase of a study to evaluate instruments and techniques 
for the quantitative measurement of degradation-related changes in the properties of photovoltaic 
materials and arrays, which are precursors to the failure of such arrays. The focus of the study 
is on techniques and instruments that are suitable for measurements to be made in aging tests for 
the purpose of array-lifetime prediction. The need for improved measurements of rates of degra- 
dation was identified in a preceding study, also conducted by Battelle for the Low-Cost Silicon 
Solar Array Project, on the development of a “Methodology for Designing Accelerated Aging 
Tests for Predicting the Life of Photovoltaic Arrays” (Report No. ERDA/JPL-3 94328-77/1). 

The selection of suitable instruments and techniques for lifetime-prediction testmg requires 
an understandmg of (1) observed and projected array degradation/fadure modes and them 
causative/contnbuting factors, (2) the fundamental degradation mechanisms associated with these 
failures, and (3) the property changes that may be early precursors of this degradation. 


Failure Modes and Factors Affecting 
Array Performance and Lifetime 


Array degradation/failure modes and array hfetime depend upon the mdividual and com- 
bined effects of array design, materials of construction, processing/fabncation methods, and en- 
vironmental stress factors. The combined effects of the various degradation reactions that occur 
within the different materials that make up the array (as a result of exposure to key environ- 
mental factors such as heat, ultraviolet radiation, moisture, and wind) are the primary concern of 
studies dmected toward array-hfetune prediction. 

Observed and projected failure modes for arrays can, for purposes of organization, be related 
to changes m the values of the components of the lumped-constant photovoltaic device/array 
model (i.e , current generator, ideal diode, series resistance, and shunt resistance, as shown in 
Figure II-l). These can, in turn, be related to major degradative changes in specific elements or 
combinations of elements of the module/array, and ultimately to the microscopic (and, in some 
cases, macroscopic) chemical and physical changes that are the earhest precursors to degradation 
and failure. Key factors (see Figures II-2 through II-5) are optical losses (e.g., due to discolora- 
tion, delamination, etc.) that are reflected m the li^t-generated current; corrosive attack or 
fracture of contacts, connections, and interconnects, which affect the series resistance; surface- 
region and pottant conductance changes that result in shunt resistance effects; and fundamental 
cell-junction characteristic changes that would result in diode losses. This last type of loss is not 
expected to be significant in normal terrestrial service. 
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Microscopic and Macroscopic Property Changes Associated with 
Primary Mechanisms of Degradation that Lead to Failure 


The identification of early environmentally induced molecular alterations and other minute 
property changes that are clearly correlatable with observed degradation rates and failure modes 
is an important and difficult task in the development of a methodology for projecting the opera- 
tional lifetimes of encapsulated photovoltaic modules/arrays. A major factor contributmg to the 
difficulty of the task is the large number of potential variables (e.g., the large number of 
candidate materials, materials combinations, and structural designs; and the range of environ- 
mental conditions that mi^t be experienced). A second and more fundamental factor is the 
lack of theoretical relationships and/or experimental data on quantitative correlations between 
observed molecular-level or microscopic changes and observed degradation/failure modes for the 
majority of materials and matenals combmations. A third and equally fundamental area of dif- 
ficulty is the lack of a sound scientific basis for predictmg the nature and quantity of the 
microscopic-level changes that will be produced by specified levels of environmental stresses, 
particularly in cases where synergistic effects mvolving several environmental factors are mvolved 
(as will certainly be the case in actual operation). 

The lack of hard data and the immediacy of the needs of the DOE test and demonstration 
efforts necessitate that, for purposes of this study, preliminary judgments be made as to which 
of the possible environmentally induced property changes are the most relevant and sensitive 
indicators of photovoltaic array/module degradation and failure modes. In this context, the 
major environmental factors contributmg to degradation/failure are considered to be ultraviolet 
radiation, thermal energy, water, oxygen, mechanical and thermal stress, pollutants, and abrasives. 
It is the quantitative link between these environmental factors (includmg their combinations) and 
the degradation rates which is the ultimate objective of the life-prediction process 

Environmental aging of polymeric materials is considered to be primarily the result of photo- 
oxidation -processes that ultimately result m embrittlement, discoloration, and mcreased dielectric 
loss Glasses are primarily susceptible to surface attack involving moisture and pollutants of an 
acidic or alkaline nature. Both polymers and glasses may be subject to abrasive attack from air- 
borne or waterborne particulates. Cell contact metallization and electrical interconnects are sub- 
ject to attack by various corrosive agents that might penetrate through or evolve from the encap- 
sulating materials. Universal among these are water and oxygen. Degradation of the basic cell 
(exclusive of deposited layers such as the metallization and optical control coatings) is believed 
to be imhkely because of the attack resistance of silicon and the remoteness of the possibility of 
expenencing temperatures high enough to affect diffusion profiles or result m significant mdiffu- 
sion or redistribution of impunties. Other array/module components such as the substrates, 
frames, and edge seals are likely to be subjected to corrosion or stress-mduced changes that will 
degrade their ability to protect the cell and other electrically and optically functional constituents 
from environmental factors. 


Materials Properties, Techniques, and Instruments for Detection 
and Measurement of Failure-Related Degradation 


Potentially useful techmques and instruments for degradation measurements were identified 
through an extensive hterature search and through discussions with knowledgeable technical 
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personnel at Battelle and other industrial research laboratories, government laboratories, univer- 
sities, and instrument manufacturers. For the purposes of the study, the techmques and instru- 
ments were organized into six measurement categories — chemical, electrical, optical, thermal, 
mechanical, and “other physical”. The identified techmques and mstruments were then screened 
and evaluated by Battelle researchers m each of the categones, and across categories, using the 
critena given in Table IV-2. The resultmg recommendations of techniques/mstruments made for 
each of the categones are listed below, (All techniques investigated are listed in Table IV- 1, and 
each of the techniques recommended is described in Section IV of the report.) 


Chemical Measurement Techniques 

The recommended techmques/mstruments m this category are 

• Fourier Transform Infrared Spectroscopy (FTIR) 

• Electron Spectroscopy for Chemical Analysis (ESCA) 

• Auger Electron Spectroscopy (AES) 

• Chemiluminescence 

• Gel Permeation Chromatography (GPC) 

• Mass Spectrometry/Gas Chromatography Combination (MS/GC) 

• Surface Energetics. 

Of these recommended chemical techniques, all but chemilummescence and surface energy 
analysis are suitable in their present state of development. The FTIR technique (including 
Attenuated Total Reflection, ATR) is potentially one of the most powerful tools available for 
studymg degradative changes in polymers at their earliest stages. GPC and the MS/GC combina- 
tion are also potentially powerful techniques for mvestigatmg degradative changes due to chain 
scission, while ESCA and AES will probably find their major applications in destructive tear- 
down analyses. More data should be obtained on precision for all of the recommended tests. 


Electrical Measurement Techniques 

The recommended electrical measurement techniques are 

• Cell/Module/Array Current-Voltage Characteristics, Including Spectral Response 
Measurements 

• Dielectrometry 

• Electrical Conductance 

• Electrical Noise Measurements 

• Special Detectors. 
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Spectral-response measurements will play a key role in testing of devices- and modules involved 
in aging and degradation studies. In order for illuminated I-V charactenstics to play a significant 
role in the quantitative assessment of degradation processes, periodic characterization of the 
illumination-source spectral characteristics will be required. The quality of the information 
currently derived from the diagnosis of I-V characteristics is not adequate for service-life pre- 
diction for modules having 20-yeax lifetimes, the goal of the LSSA Project. A study to opti- 
mize the sensitivity, precision, and accuracy specifically for life-prediction testing is recommended. 

Current noise (1/f) measurements are recommended for use in studying contact and inter- 
connect corrosion. Dielectnc and electrical conductivity measurements can be used to study 
several types of degradation-related changes in materials. The incorporation of special detectors 
or test patterns m arrays is also recommended for further mvestigation. 


Optical Measurement Techniques 

Recommended techniques for optical measurements for possible use in life-prediction studies 
are 

® Reflectometry 

• Ellipsometry 

• Holographic Interferometry 

• Light Scattenng 

• Microscopy 

• Spectral Transmission. 

The suitability of simple reflectance measurements for evaluation of first-surface detenoration 
needs to be determined experimentally for a variety of candidate first-surface materials EUipso- 
metric studies should continue with emphasis on problems involved m detecting delamination and 
on materials and structures of primary importance. Holographic interferometry experiments 
should be considered with the objectives of determining the trade-offs between the area scanned 
and the overall sensitivity and reliabiUty of the technique, and of detennuung whether stram- 
birefringence changes, precursory to delamination, can be detected in this way. Optical mea- 
surements performed on complete modules or arrays should be limited to a few simple tests, 
such as spectral transmitted mtensity, possibly at only a few selected wavelengths (mcluding UV). 
Final array designs will play a key role in determining specific measurement procedures. 

Thermal and Mechanical Measurement Techniques 

The recommended techmques and instruments 
categories are: 

• Differential Thermal Analysis (DTA) 

• Differential Scamung Calonmetiy (DSC) 


in the thermal- and mechanical-properties 
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Torsion Pendulum 


• Forced Vibration Viscoelastometer 

• Ultrasonic Pulse-Echo 

• Infrared Thermovision. 

Since the properties of polymers are in some cases very sensitive to the value of the glass transi- 
tion temperature (Tg), it will be useful to measure this property by a suitable means. The 
simplest and most rapid methods for measunng Tg appear to be differential thermal analysis and 
differential scanning calonmetry. In the absence of any information on the relative accuracies of 
these two techniques with regard to measurement of Tg, DSC measurements would be preferred 
smce the resulting thermograms can be interpreted quantitatively. An alternative method for 
obtaining Tg is dynamic mechanical measurements, such as torsion pendulum and viscoelastometer. 
This family of techniques also yields potentially valuable data on the mechanical behavior of the 
materials. Dynamic mechanical measurements would thus be recommended over DTA or DSC 
in cases where both types of measurements are available. Since temperature is a more important 
variable than frequency for dynamic mechanical measurements, any of the techmques descnbed 
in the text may be used, depending upon availability and ease of measurement. 

* 

The applicability of infrared thermovision m diagnosmg solar cell modules merits further 
testmg. The mfrared transmission of the vanous cover and adhesive matenals needs to be 
examined over the wavelength range to which the instrument is sensitive. Also, evaluations need 
to be made on the spectral emittance of opaque matenals and on the possibihty of radiation 
from these materials being propagated through the cover and adhesive materials. Infrared thermo- 
vision has already been demonstrated as being of value in detectmg the presence of defects, as 
evidenced by certain areas of modules being hotter or colder than surroundmg regions. It is 
recommended that further testing should be conducted to establish quantitative relationships, 
such as apparent temperature differences versus a quantitative measure of the degree of the defect. 

The applicability of ultrasonic techniques also requires further testing and evaluation. A 
theoretical analysis appears necessary in order to mterpret the various echo signals that may be 
received. Some experimental testing will be needed in order to select optimum transducers and 
locations. It is considered that ultrasonic methods have good potential for applicability in this 
area, and thus tests should be conducted on encapsulated cells with and without defects m order 
to establish the potential magmtudes of changes in ultrasonic signals that may be experienced. 


Other Physical Measurement Techniques 

Other physical measurement techniques recommended are 

• Profilometry 

• Photoacoustic Spectroscopy (PAS) 

V 

• Vapor and Gas Permeability. 

Profilometry, when combined with computer processmg of the data, could be a powerful tool for 
quantitative assessment of changes in surface roughness over large areas, such as those that might 
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occur as a result of abrasive attack of photovoltaic module covers. Photoacoustic spectroscopy 
offers some potentially unique capabilities in studying optical, thermal, and possibly bonding 
characteristics of polymers; evaluations should be continued to demonstrate its capabilities m 
studies of photovoltaic-module matenals degradation. Permeabihty measurements of polymeric 
materials are important for establishing their barrier properties-against potential corrosive agents; 
they could also be useful in diagnosing chemical and structural changes associated with degrada- 
tion mechanisms in the polymers. Developmental work and experimental evaluations to demon- 
strate the capabdities are bemg conducted in another mvestigation. 


Selection Criteria and Comparative Analysis 
of Techniques/Instruments 


Adequate experimental data for making comparative assessments, on the basis of precision, 
of techniques having potentially overlapping capabilities have not been foimd. This does not 
exclude interim selections on the basis of other attributes (e.g., availabihty, field-use capability) 
but does preclude the recommendation of a preferred technique for measurement, for example, 
of changes in some polymer properties. 

The problem of determimng how accurately one can expect to predict the lifetime of a 
photovoltaic moduie/array extends beyond the question of the precision associated with a given 
measurement technique or instrument. Given that, for example, the glass transition temperature 
Tg can be measured with a known precision, one is .still faced with uncertainties in the values of 
primary denved quantities such as percentage of crystallinity or molecular weight, or in secondary 
derived quantities that are more directly relatable to module power-degradation rates (e.g., optical 
transmission). Comprehensive experimental work will be required to estabhsh these relationships. 


Recommendations 


Three categones of recommendations are addressed. 


Establishment of the Adequacy of Existing 
(Developed) Techniques 

In order to establish the limits of the techniques that are more fully developed for this 
apphcation, the following recommendations are made. 

• A determination of the precision for measured properties should be made for ESCA, 
FTIR, and the MS/GC combination, also, ESCA and FTIR should be compared for 
measunng surface carbonyl concentration usmg the Mandel sensitivity-ratio criterion. 

• A major effort should be directed toward estabhshing quantitative correlations 
between key measurable properties (e.g., polymer molecular weights and glass 
transition temperatures, Tg) and degradation/failure modes 
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• A set of experiments to determine the relative precision of the thermoanalytical and 
dynamic mechamcal techniques for measuring Tg should be conducted, 

• Techniques for measuring the current-voltage characteristics of encapsulated cells/ 
modules should be refined to optimize sensitivity, precision, and accuracy for 
degradation studies. 


Potentially Useful Developmental Techniques 

The techniques recommended for development, in addition to surface energetics, photoacoustic 
spectroscopy, and polymer permeability which are already under investigation, are as follows 

• Electrical noise measurements, electrical-conductivity measurements (polymers), 
reflectometry and hght-scattermg measurements, dielectrometry, chemhuminescence, 
and the use of special detectors for m-situ measurements, are recommended for 
prehmmary experimental evaluations. 

• Holographic mterferometry and infrared thermovision should be considered for 
mvestigation on a high-nsk, high-retum basis. 


Measurement Needs Not Presently Satisfied 

e A technique for in-situ determination of changes m the mechanical strength of 
encapsulation matenals would be a useful tool m degradation studies 

® An adequate means for measuring changes in the breaking strength or static fatigue 
of glass needs to be developed. 

® A reliable, reasonably inexpensive method is needed for makmg m-situ spectro- 
photometnc measurements with high precision and over relatively long time 
periods. 

Phase II of this study will be an experimental evaluation of techniques selected on the basis 
of these Phase I recommendations regarding techmques and additional needed information. Ex- 
penmental mvestigations of some of the recommended techmques, within the level-of-effort of 
this present study, are currently being planned and submitted for JPL approval for inclusion in 
Phase II. 

It should be noted that summary tabulations of the recommended techniques in each of 
the property-measurement categories, along with values and comments for key selection cnteria 
and other attributes, are given in Section VI (Conclusions and Recommendations) of this report 
m Tables VI- 1 through VI-5. Also m that section, recommended techmques are tabulated 
according to the degradation-related areas to which they are applicable (Tables VI-6 and VI-7) 
and according to them suitabihty for laboratory versus in-situ field measurements (Table VI-8). 
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I. INTRODUCTION 


The development of a suitable encapsulation system for terrestrial photovoltaic arrays is a 
key reqmrement for the realization of the array cost and hfetime goals of the Low-Cost Silicon 
Solar Array (LSSA) Project^'^j of which this study is a part. The long-term integnty and 
stability of the encapsulation system will determine the operational lifetime of the array. And 
the materials that provide this protection must be low in cost and must not significantly de- 
crease the performance of the solar cells 0-3) There is, then, an urgent need for establishing 
reliable tests for characterizing the weathenng behavior of present and future encapsulation 
materials and systems. < 

A previous investigation by BatteUe for the LSSA Project was on the development of a 
“Methodology for Designing Accelerated Aging Tests for Predicting Life of Photovoltaic Arrays”. 
The investigation (which is described in Report No. ERDA/JPL-954328-77/1), defined the need 
for and provides considerable background mformation for the study described in this report 
That investigation developed an advanced methodology for designing life-prediction aging tests 
for terrestrial solar arrays that meet the LSSA array-lifetime goal of 20 years. The existence 
of suitable instruments for measuring property changes associated with the degradation of array 
materials is an essential prereqmsite to the successful application of any such methodology. 

Instruments suitable for this application must provide sufficient sensitivity and precision to 
allow projections of ultimate system hfetime, and of performance over that lifetime, from short- 
time natural and/or simulated weathering tests. Sufficient confidence is required to allow selec- 
tion among alternative designs and matenals and to allow widespread use of such arrays Fur- 
ther, the diversity of candidate matenals and designs, and the variety of potential environmental- 
stress combinations(^"^\ degradation mechanisms, and failure modes will require that a number 
of combinations of measurement techniques be identified which are smtable for characterizing 
vanous encapsulation system-environment combinations. To this end, currently used and poten- 
tially useful standard and developmental instruments and techniques are being examined to 
determine their apphcability m lifetime-prediction agmg tests 


A. OBJECTIVE 


It is the objective of this study to identify and evaluate instruments and techniques for 
measuring degradation-related changes in the properties of encapsulation matenals and other 
module components which are precursors to array failure; techniques are required which can 
be used m accurate quantitative assessments of degradation rates for hfe-prediction studies 
As part of this objective it is intended to. 

• Assess the adequacy of existing instruments and techmques for"meetmg the 
diagnostic needs of lifetime-prediction studies 

• Identify potentially useful techniques whose applicabihty requires further 
evaluation through experimental testing 

• Identify dia^ostic needs, if any, not adequately met by existing instruments 
and techniques or minor modifications thereof. 
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The measurement techniques and instruments listed and discussed m this report are not in- 
tended to constitute an exhaustive coverage of measurement possibilities. Only those techniques 
and instruments which were believed to offer enough potential for this application to warrant 
detailed investigation and evaluation have been included m this study Many others were con- 
sidered but were rejected during initial screening as being clearly not applicable to the develop- 
ment of high-sensitivity quantitative data on degradative changes in matenals and encapsulation 
systems associated with photovoltaic modules. 

This study is being conducted in two phases. The first phase, the results of which are re- 
ported in this mterim report, consists of a review and evaluation of potentially useful techniques 
on the basis of published literature, patents, reports, and discussions with expert technical per- 
sonnel. The second phase will be an experimental evaluation of those selected techniques which 
are beheved to have potential for this application but whose applicability requires further evalua- 
tion through experimental testing. 


B. APPROACH 


For the purposes of the review and analysis of instruments and techniques which might be 
useful in arraynjegradation studies, six general measurement-technique categones were estab- 
lished (chemical, electrical, optical, thermal, mechanical, and “other physical”). Each of the 
measurement technique categones was assigned to a researcher knowledgeable in that area. This 
interdisciplinary team approach was used to ensure coverage of all potentially applicable tech- 
mques m the study. The researchers were then responsible for coUectmg and reviewing pub- 
hshed and unpublished information m their assigned areas, and subsequently for analysis of the 
applicability of the various techniques to array-life-prediction testing Key project staff pro- 
vided direction and close coordination of the team activities and statistical analyses and com- 
parisons of techniques m the different categories. The information-gathering activities mcluded 
computenzed data-base searches, discussions with experts in specific instrument and technique 
areas, and a review of current periodicals and books. 


The computerized data-base searches included a generalized search as well as searches 
specific to each of the measurement categones. Key words and search strategies were generated 
by the researchers responsible for the vanous categories. The data bases searched in the 
computer-assisted effort were; 


Chemical Abstracts 
DDC 

Engmeenng Index 

INSPEC 

NTIS. 


The search identified approximately 9500 potentially relevant documents. Key words and 
abstracts from these documents were reviewed by the researchers and approximately 500 of 
them were selected for in-depth review. 


The mformation acquired through the computer-assisted data-base searches and the personal 
searches of current hterature was augmented and amplified by discussions with experts and 
equipment manufacturers for the key techmques (e.g., ultrasonics, chemiluminescence, and 
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dynamic mechanical) identified. The information developed from all of these sources provided 
the basis for the discussions and evaluations of the measurement techniques by the researchers 
for this report. 

In the overall approach to this study, it was necessary to assume that the focus was on 
measurement methods and instruments suitable for life-prediction testing and, specifically, for 
photovoltaic arrays That is, the study could not cover the complete field of measurements 
and instruments, nor could it nsk missmg any diagnostic method that could be important to 
this specific use. To accomphsh this, the interdisciplmary project team of experts in measure- 
ment techmques, materials, and photovoltaics pursued as a group the followmg steps 

(a) Identification of all observed and projected failure types/modes for photovoltaic 
arrays and materials 

(b) Organization and breakdown of major failure types, identifying all possible sub- 
types and the degradation factors and causes involved in the failures 

(c) Identification of the microscopic degradation mechanisms possibly leadmg to 
each of the types of degradation and failure 

(d) Definition of the microscopic and macroscopic property changes that might be 
associated with these degradation mechanisms 

(e) Identification and analysis of the measurement techniques jinstruments which 
might be used for early detection of these degradation-related property changes 

This approach is reflected in the report which first discusses the failure types/modes [Steps (a) 
and (b)] , then describes the associated degradation mechanisms and property changes 
[Steps (c) and (d)], and finally reviews the pertinent measurement techniques/mstruments 
[Step (e)] m the remainder (bulk) of the report. The organization of the report is further 
outlined below. 


C. ORGANIZATION OF TfflS REPORT 


This report is organized mto six sections. Section I being this introduction. Modes of 
failure (i.e., factors which can directly cause a reduction in cell/module output below accept- 
able levels) and their contributing causes are discussed briefly in Section II. This leads, in 
Section III, to a discussion of the state of knowledge regardmg the microscopic and macro- 
scopic property changes and mechanisms of degradation which lead to the failure of photo- 
voltaic modules. An identification of these factors is essential in meeting the objectives of this 
study as listed above. The discussion m Section III also includes consideration of the key en- 
vironmental stress parameters which produce these changes. 

In Section IV, measurement techniques m six categories (chemical, electrical, mechanical, 
optical, thermal, and “other”) are discussed in detail and their applicability to the characteriza- 
tion of specific types of property changes is delmeated. The techmques discussed in this section 
are those that were selected and recommended within each of the six categones after detailed 
evaluation against an established set of technical and economic cnteria which are given in 
Tabled IV-2. Some techniques which, after careful examination, were felt not to be useful for 
these studies (or to be clearly superseded by another technique m the measurement category) 
are discussed briefly in Section VIII — Appendix. 
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It should be emphasized at this point that the focus of this study and report is on tech- 
niques and instruments suited for testing aimed at lifetime prediction. While there is some 
overlap among techniques suited for this type of testing and techniques useful in qualification, 
acceptance, performance, and other types of tests, there are many techniques that are well 
suited to these latter tests but not applicable (or at least are not best suited) to lifetime- 
prediction testing. These techniques may have been eliminated during the early screening (and 
therefore are not covered here), or they may have been examined in detail before rejection for 
this application (m which case they appear in Section VIII — Appendix). Where techniques have 
been found to be primanly suited for qualification, acceptance, etc., testing, they have been so 
identified in the discussion. There was, however, no attempt or intention to make a compre- 
hensive study of techniques and instruments suitable for these types of tests. 

In Section V, a discussion of the selection cnteria and statistical considerations applicable 
to this study is followed by a discussion of cross-category (e.g., mechanical versus electrical) 
assessment of instruments and techniques based on the established cnteria. A selection is made, 
where possible, among techniques which offer redimdant capabilities in terms of the property 
changes measured. 

Specific recommendations based on these Phase I evaluations are summanzed in Section VI 
of the report, including the establishment of 

• The adequacy of existing (developed) techniques 

• Potentially useful developmental techniques 

• Measurement needs not presently satisfied. 

Many documents, including reports, pubhcations, and patents, were used m compiling the 
mformation required to make these assessments. A listing of these which includes many docu- 
ments not specifically referenced in this report is available upon request 
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II. FAILURE TYPES AND FACTORS AFFECTING 
ARRAY PERFORMANCE AND LIFETIME 


A DEGRADATION AND ARRAY PERFORMANCE 


Life-prediction studies are concerned with the time dependence of degradationX^^"^) The 
loss of power output that has occurred up to any pomt m time durmg the operational lifetime of 
a solar array is usually due to, and provides a measure of, significant mateiials-related degradation 
that has taken place m the array. This degradation may have occurred in one or a combmation 
of the materials of construction of the array, i.e,, the polymeries, the glasses, or the metallics. It 
may be a result of the design, materials, or processmg per se, and/or the environmental exposure, 
where ultraviolet radiation, temperature, humidity, mechamcal stress, and them combinations may 
be causative. That is, array degradation is dependent on the individual and combmed effects of 

• Array design 

• Matenals of construction 

• Processing/fabncation methods 

• The environment to which the array is exposed. 

The effects of these are discussed below 


1. Array Design Effects 


Array design, mdependent of its effect on matenals selection and processmg/fabneation re- 
quirements, will mfluence the rate and extent of degradation m a number of ways. The access 
route of foreign penetrant gases and hquids will be dictated by the design features employed m 
end seahng the array, by the thickness of the cover matenal, by the method used in putting the 
electrical leads through specific parts of the encapsulant, etc. Also, design will determme the 
locations and magnitudes of stresses produced by high wmd loads, by temperature and humidity 
cycling, etc. Here agam, design features such as component thicknesses and structural remforce- 
ment will be critical. 


2. Construction Materials Effects 


Matenals selection is of major importance m controllmg array performance and lifetime. 
Major requirements in the matenals selection are, in addition to cost, the initial values of the 
optical, mechanical, and electrical properties and the stabihty of these properties when ex- 
posed to hostile weathering environments for prolonged time periods. In this latter case, the 
properties of polymeric encapsulation matenals are of particular concern smee they are often 
significantly affected by the environment. It is, therefore, extremely important that the 
deletenous effects of the envuonment on long-term polymeric-matenals properties (bulk, sur- 
face, and mterface) be established. 
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3. Processing and Fabrication Effects 


The materials processing and array fabrication steps can also be important contnbutmg fac- 
tors in problems related to short- and long-term array reliability. If array failure rate, as defined 
in terms of some specified level of degradation, is plotted against time, a trou^like (“bathtub”) 
curve generally will result. The failure rate/time relationship is characterized by a high mitial 
rate, primarily because of failures associated with processing/fabrication inadequacies, followed by 
a long period of array stabihty (characterized by a slow degradation rate) with few failures, and 
finally by a return to hi^ rates as the arrays begin to “wear out”. Those failures associated with 
processmg/fabrication inadequacies are hkely to take the form of delammations (meffective bond- 
mg of one array component to another), losses of electrical contact (lead and interconnect 
breakage), gas/liquid entrapment (associated with reactions of components or with residual vola- 
tiles in polymeric components), etc. Minimization of such events wUl, of course, require the 
implementation of strmgent quahty-control procedures for use on incoming lots of array com- 
ponents and on array fabrication procedures 


4. Environmental-Exposure Effects 


Fmally, there is the environmental exposure factor. Array degradation rates can be ex- 
tremely low if the array is maintained m the dark at constant, moderate temperature and 
humidity. In actual use, however, when the array is exposed to the sunlight with the accompany- 
ing environmental factors of heat, ultraviolet moisture, and wmd, various chemical reactions occur 
and continue to occur withm the different materials that make up the array. The combined 
effects of these reactions constitute the processes of degradation which are the primary concern 
of array-hfetime-prediction studies.(^^^'3) 


B. FAILURE TYPES 


In the context of array performance and degradation, a “failure” is generally considered 
to be a change in the properties of the cell/module/array which results directly in a reduction 
m its power output below a specified minimum level for the particular application and system 
design. Such a change can occur either catastrophically or gradually. A given failure mode can 
have many different causes, some of which may be the direct result of degradative changes m 
the optical or electrical properties of materials or encapsulation systems, while others may re- 
flect indirect contributions from degradative changes m the ability of the encapsulation system 
to isolate the cells from environmental and mechanical stress factors. 

The “lumped-constant” model of the photovoltaic cell, shown in Figure II-l , has been 
found useful m these studies to organize failures due to degradation into four types based on 
the components of this model. This provides a convenient framework for discussmg the basic 
failure modes and their contributing causes. Such a discussion is a useful prelude to an 
identification of the environmental-stress-related microscopic and macroscopic changes in the 
properties of matenals and structures which are precursors to such failures, and which might 
therefore be usefully monitored in lifetime-prediction studies. 
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Components of the model' 

IL Light-generated current source 
Di = Ideal diode 
RS = Senes resistance 
RSH " Shunt resistance 

FIGURE n-1. LUMPED-CONSTANT SOLAR CELL MODEL 


The lumped-constant model consists of four basic components — a current source (repre- 
senting the light-generated current), an “ideal” diode, a shunt resistance, and a senes resistance. 
The failure of a cell or module corresponds, in effect, to a significant change in the value of 
one or more of these four components; correspondingly, changes in the effective values of these 
lumped-constant components can be traced to major degradative changes m specific elements or 
combinations of elements of the module/array and ultimately to the microscopic (and m some 
cases macroscopic) chemical and physical changes in matenals, which are the earliest pre- 
cursors to degradation and failure. The state of knowledge regardmg the latter is discussed 
m Section III. This present discussion is mtended to outlme the correlation between failure 
types and the various degradation mechanisms that might be observed. 

Figure II-2 is a first-level breakdown showing the four failure types based on the solar cell 
model and potential causative degradation factors. In the illustration, degradation effects that 
could lead to a reduction m the light-generated current include optical-transmission losses, 
increased mmonty-carrier recombination at surfaces or in the bulk silicon, and the rather special 
case of fragmented cells. It is appropnate here to note that it is the assumption of the authors 
that environmental conditions severe enough to affect the bulk properties, diffusion profiles, 
etc., of the silicon cells are not Ukely to be experienced duimg normal array operation. It is 
anticipated, therefore, that junction and bulk-semiconductor changes will not be a significant 
factor m determining the lifetime of terrestrial photovoltaic modules. The potential causes of 
diode losses, as shown in Figure 11-2,^ include any changes m the junction which will result in 
deviation from the ideal. (This should not be a significant factor m lifetime prediction.) De- 
gradation factors contnbutmg to reductions m the shunt resistance include changes in the con- 
ductivity of pottants or adhesives, junction damage, and the presence of foreign agents which 
could result in mcreased surface-state conduction. Causative factors for increased series re- 
sistance are erosion/corrosion/debondmg of contact structures, lead fracture, and changes m the 
surface-layer sheet resistance or bulk silicon resistivity. 
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POWER OUTPUT BELOW SPECIFICATIONS 


Series Resistance Increase 



Shunt Resistance 
Reduction 


Diode Loss 


Light-Generated 
Current Loss 


Grid Contact Debonding 
Lead Contact Debonding 
Lead Fracture 
Back Contact Debonding 
Grid Erosion/Corrosion 
Back Contact Erosion/Corrosion 
Surface Layer Resistance Change 
Bulk Si Resistivity Increase 


Pottant Conduction 
Surface-State Conduction 
Junction Damage 


Junction Alteration Optical Transnussion Losses 
Recombination Losses 
Cell Fragmentation 


FIGURE II-2. FOUR FAILURE TYPES BASED ON THE FOUR COMPONENTS 
OF THE LUMPED-CONSTANT CELL MODEL (FIGURE U-1) 
AND A FIRST-LEVEL BREAKDOWN INTO CAUSATIVE 
DEGRADATION FACTORS 


Hie degradation factors shown m Figure II-2 for each of the four types of failures are be- 
heved to include the primary potential power degradation modes (i.e., factors which, if changing, 
will have a direct and measurable effect on the power output and I-V charactenstics) for 
photovoltaic cells and modules. The following subsections will trace these degradation factois 
to the next level of breakdown to provide a transition to the discussions m Section III. These 
subsections focus pnmarily on those factors that will play a key role m determining the opera- 
tional lifetime of a photovoltaic array. 


1. Light-Generated Current Losses 


As noted above, a decrease in the light-generated current will probably be due to optical 
losses. Figure II-3 shows a second-level breakdown of the degradation factors that could con- 
tribute to degradation of the power output by reducing the percentage of the incident radiation 
that enters the photovoltaic device. These factors fall into four basic categories — factors re- 
sulting in losses due to reflection of a portion of the insolation, factors resulting in losses due 
to absorption of radiation, factors which result in transmissive scattering of the insolation (and 
which may not, even m the presence of large amounts of scattenng, contribute significantly to 
losses), and factors which might effectively reduce the mcident energy per unit area iby altering 
the orientation of the module/array. These factors for the most part relate to key properties 
of the bulk, surface, and interfacial regions of those components of the encapsulation system 
which are required to be transparent. These key properties and attributes mclude mdices of 
refraction, absorption coefficients, surface textures, numbers of surfaces affected (by delamina- 
tion for example), accumulation of foreign particulate matter, etc. Changes in these properties 
can, in most instances, be correlated with microscopic-level changes directly related to environ- 
mental stresses. 
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REDUCTION IN LIGHT-GENERATED CURRENT 
DUE TO OPTICAL LOSSES - 



Bulk/Surface Index (n) Change 
No. of Surfaces (Delamination) 
Surface Texture Change 
Surface Particles (Dirt) 

Optical Coating Thickness Change 


Surface Absorption 
Bulk Absorption 
Surface Particles 


Surface Texture 
Surface Particles (Dirt) 
Bulk Scattenng Centers 
Interface Scattenng 


Mechanical Onentation 


FIGURE n-3. BREAKDOWN OF DEGRADATION FACTORS CONTRIBUTING 
TO OPTICAL LOSSES WfflCH CAUSE A DECREASE IN 
THE LIGHT-GENERATED CURRENT 


2. Series Resistance Increases 


Several of the important degradation-related factors result m internal (i.e,, to the array) dis- 
sipation of power through mcreased senes resistance, as shown in the breakdown m Figure II-4. 
The key elements in this type of degradation/failure are the front- and back-surface contact 
metallization of the solar cells, the mterconnects between cells or modules, and the connection 
points where the interconnects are attached (by soldering, welding, etc.) to the cell metalliza- 
tion. These elements are, m many cases, vulnerable to chemical attack and/or mechanical stress 
as mdicated. Other factors shown in the figure relate to changes in cell properties which, as 
noted above, would not be likely to occur under anticipated normal operatmg conditions. 

Certam patterns of cell cracking or fragmentation could, however, result in an effective increase 
in the apparent series resistance of a cell. 


SERIES RESISTANCE INCREASE 



Centact/Connection 

Debonding 

jContact/Interconnect 

Erosion/Corrosion 

1 

Interconnect 

Fracture 

Surface-Layer 
Sheet Resistance 
Increase 

Bulk Si 
Resistinty 
Increase 

Ckemical Attack 
Thermal/Mechanicai 
Stress 

Chemical Attack 

Mechanical Stress 

Chemical Erosion 
Impunty /Dopant 
Change 

Impurity /Defect 
Changes 


FIGURE II-4. DEGRADATIVE CHANGES MANIFEST AS 
SERIES RESISTANCE INCREASES 
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3. Shunt Resistance Decreases 


Figure II-5 lists degradative changes which could result in increased internal power dissipa- 
tion by effectively lowering the shunt resistance in the lumped-constant model. The major 
degradation-sensitive factors controlling losses due to shunt conductance are the conductivity 
of the pottant material and the presence of surface conduction states or regions at the junction 
edges. 



SHUNTING LOSSES 


Junction Damage 

Pottant Conduction 

Surface Conduction 

Chemical Attack 

Hectrical Breakdown 

Surface State/Channel Increase 

Mechanical Damage 

Chemical Change 
H2O Absorption 
lomc Accumulation 



FIGURE n-5. DEGRADATION FACTORS CONTRIBUTING TO LOSSES BY 
SHUNT RESISTANCE DECREASES 


4. Ideal Diode Losses 


Diode losses due to changes in the junction characteristics which would affect the perfor- 
mance (e.g., increased generation/recombination currents m the junction region) are not antici- 
pated, as discussed above, J 


In the next section,. these types of failures and degradation factors are related to associated 
microscopic and macroscopic mechanisms which might be measured as part of lifetime-prediction 
testing. 
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III. MICROSCOPIC AND MACROSCOPIC PROPERTY 
CHANGES ASSOCIATED WITH PRIMARY MECHANISMS 
OF DEGRADATION THAT LEAD TO FAILURE 


A. BACKGROUND 


1. General 


One of the most important and most difficult tasks in the development of methodologies for 
predicting the operational lifetimes of encapsulated photovoltaic modules is the identification of 
early, environmentally induced, molecular changes and other minute property changes that can 
be clearly correlated with the observed degradation rates and failure modes of the encapsulated 
module or its components. There are three major factors that contribute to the difficulty of 
the task. 

One major factor is the multitude of possibilities that must be considered. As mentioned 
earlier in this respect, degradation mechanisms and failure modes will vary Avith the matenals 
and material combmations used m fabricating the module/array, the specific module design, the 
module fabrication processes, and the environment in which the array is operating. At present, 
there are a large number of candidate matenals for each of the components (e.g,, cover, pottant/ 
adhesive, substrate, etc.) of the module, and the number of potential compositional combmations 
and structural designs for modules is also large. Potential environmental conditions are also 
quite vaned in several respects, includmg temperature extremes and range, humidity, rainfall and 
condensation, types and magnitudes of pollutants, abrasive exposure (e.g., blowing sand), etc. 

The need to consider a wide range of environmental conditions is a fixed requirement that can 
be changed only by the designation of certain geographic or climatic re^ons as unsuitable for 
terrestrial photovoltaic applications. The uncertainties of materials, materials combmations, and 
structural designs are not hkely to be reduced in the near future due to the continumg effort to 
reduce module and array costs that meet the sequential goals established by the DOE. 

A second and more fundamental factor contributing to the difficulty of the task is the lack 
of theoretical relationships and/or expenmental data on quantitative links between observed 
molecular level or microscopic changes and observed degradation/failure modes for the large 
majonty of the candidate materials and materials combinations. This is especially true m the 
case of the polymers, which are at present the most environmentally vulnerable array constituents. 
Some of the major degradation modes have been established (e.g., delammation, embnttlement, 
discoloration, etc.), although these have been observed over relatively short exposure times and, 
hence, there is the possibility that other modes will be important m longer-lived modules. 
Similarly, at least some of the microscopic level property changes that occur as a result of en- 
vironmental exposure (chain scission, carbonyl formation, radical formation, etc.) are known, 
but the factors that link these to the observed degradation modes have not been clearly established. 

A third, and equally fundamental area of difficulty is the lack of a sound, scientific basis 
for predicting the nature and quantity of microscopic level changes that are produced by specified 
levels of environmental stresses, particularly in cases where synergistic effects involving several 
environmental factors are mvolved (as will certainly be the case m actual operation). Credible 
projections of lifetime and life cycle performance for a given array at a variety of locales cannot 
be made without this information. _ . -re. 



The informational needs cited above cap Jie filled only by a series of focused research pro- 
grams such as those currently mounted. The time framehh which satisfactory and complete 
answers will be forthcoming from these' efforts is uncertain,' as is generally the case m such re- 
search efforts. However, the need for this information in the context of the DOE’s test and 
demonstration efforts is immediate. Consequently, the situation necessitates that, for the purposes 
of this study, some judgments be made as to ^which of. a large number of possible environmentally 
induced property changes are the most relevant and sensitive indicators of photovoltaic array! 
module degradation and failure modes and, as such, those changes that should be studied to 
establish essential quantitative correlations. These judgments can be modified as research efforts 
develop. The discussions in this section of the report are concerned with identifying those 
changes which, on the basis of the present state of knowledge and the exercise of reasonable 
technical judgment, are felt to be sensitive precursors to failure-oriented degradation. These 
identifications in turn provide the basis for identifying instruments and techniques that can 
quantify the microscopic changes and ultimately provide the data that will ^low array lifetime 
and life cycle performance projections. The latter identifications (i.e., techniques and instru- , 
ments) are the major focus of the study and are discussed in detail in Section IV. The identifi- 
cations made here are, however, very important in the overall study, and considerable thought 
and discussion preceded these assessments. Identification of these relevant properties and micro- 
scopic changes was a necessary requirement before selecting measurement techniques and instru- 
ments. It is not intended that the following material cover all 'conceivable property changes, but 
only those which, after due consideration, are felt to be of major significance and relevance to 
this project. 


2. Encapsulated Module/Array Components 


The designed functions of the ancillary constituents of the photovoltaic module/array are to 
protect the ceils and their interconnects from environmental attack and stress and to provide a 
convenient means for handling and mounting. There are additional requirements that are 
essential m selecting materials for these components; i.e., components between the cell surface 
and the incident radiation (1) must have high solar spectrum transmittance, (2) must have no 
effect on the electrical output of the module/array, and (3) must not, themselves, stress other 
components of the module/array beyond prescnbed limits. Durmg the course of field operation, 
a reduction m the ability of these components to provide protection from environmental factors 
or to meet the additional requirements listed' above is a degradation of the integrity of the 
encapsulation/support system that could ultimately lead to failure (if the performance of the 
module/array falls below specified limits). ' 

Figure III-l is a schematic of a hypothetical module^^^^”^) illustratmg encapsulation- 
system components. The major components include the cells (with metallization and anti- 
reflection coatings), interconnects (metal ribbons, wires, metallized plastics, etc.), pottants/ 
adhesives (polymencs), substrates (glass, anodized aluminum, PC board, etc.), and sheet or film 
covermgs (glass or polymer). Other possible constituents mclude vanous types of coatings for 
surface-property enhancement and insulating meshes. There are many possible module config- 
urations, or encapsulation-system designs, which use various combinations of components and 
materials. The major types of module/encapsulation designs based on both polymer and glass 
front covers are illustrated schematically in Reference (III-l) The model shown in Figure III-l 
is quite general, being adopted for the purposes of subse^ue'nt discussions of degradation and 
failure modes and associated property changed Table III-l lists some typical materials employed 
or considered for use as module constituents. 
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risistant coating 
Top cover 

Adhesive sealant for lead wire 
Lead wire 
Bottom cover 
Silicon cells 


substrate 
R Substrate 
t Pottant 
J liiierconneds 
K MeuUiealion coUeclur grid 
L Metallizutioii. bottum 


FIGURE in-1. SCHEMATIC OF HYPOTHETICAL ARRAY MODULE IDENTIFYING 
ENCAPSULATION-SYSTEM COMPONENTS 


TABLE m-L ROLES OF MATERIALS IN PHOTOVOLTAIC MODULES 




Component 



Material 

Interconnects 

Pottants/Adhesives 

Substrates 

Cover Sheet 

Polymers 


Epoxies 

Silicones 

Polyurethanes 

Polyesters 

Polyamides 

Epoxies 

Melammes 

Phenolics 

Polyesters 

Urethanes 

Acrylics 

Fluorocarbons 

Polycarbonates 

Polyesters 

Composites 

Glasses 



Borosilicate 

Soda-lime 

Borosilicate 

Soda-lime 

Metals 

Copper 

Aluminum 

Beryllium- 

copper 

Kovar 

Molybdenum 


Aluminum 

Steel 
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3. Environmental Factors That Cause Degradation/Failure 


There are a large number of environmental factors whose effects, actmg either singly or in 
concert, could result in the degradation and ultimate failure of the photovoltaic module/array. 
The key factors and their combined effects vary considerably with the geographic location of the 
array as well as with the season, time of day, etc. The environments to which arrays are exposed 
in vanous geographic locations based on 1 0 -year historical data have been characterized m a 
previous study at Battelle as part of the LSSA Project. This analysis includes climatic, solar 
radiation, and other environmental data and combinations of environmental factors 

The environmental factors that are generally considered to be of primary importance in the 
initiation and evolution of degradative changes (not catastrophic failures, like lightning) are: 

• Ultraviolet Radiation — The wavelength range of importance for terrestnal exposures 
is between approximately 290 nm and 400 nm. Radiation in this wavelength range 
is sufficiently energetic to break some of the weaker chemical bonds in polymers. 

In addition, the selective absorption of photons in this energy range can result in 
excited states and ionized molecules throu^ interaction with defects, impurities, 
etc. These m turn result in other types of degradation-related chemical reactions. 

• Thermal Energy — Heat is generally a contnbuting rather than an mitiating factor 

in the degradation processes, since temperatures sufficient to produce scission and/or 
cross-linking are generally not experienced by operating modules. Heat is, however, 
a factor of primary importance because it is a major controlling factor m determining 
the rate at which various reactions and degradative changes take place. 

• Water — H 2 O m liquid or vapor form can directly or mdirectly contnbute to the 
degradation of several of the components of the module. One of the functions of 
the encapsulation system is to prevent significant amounts of water from penetrating 
to corrosion-prone elements. Water (alone or in the presence of certain pollutants 
and/or impunties) can degrade encapsulant materials through hydrolysis, leaching, 
swellmg, dissolution, etc A combmation of high humidity and temperature de- 
grades many polymers. 

• Oxygen — “Normal” oxidation in polymers (i.e., at normal temperatures and m the 
absence of light) is generally a fairly slow process requiring relatively long time 
periods before detectable effects are observed. However, when oxygen is coupled 
with ultraviolet radiation and/or elevated temperatures, synergistic effects occur, 
resulting in degradation rates that are orders of magnitude hi^er than those 
observed under “normal” conditions. 

• Physical Stress — Mechanically and thermally induced stresses are major contributors 
to the fracture of the more brittle constituents of the module (glass covers, cells, 
hard plastics) and to bonding failures at mterfaces. Failures due to normal (i.e., 
design value) stresses are generally preceded by weakenmg or flaw generation re- 
sulting from other degrading mechanisms. Temperature extremes, frequency of 
wide temperature excursions, wind forces, etc., are important factors. 

• Pollutants — Pollutants such as NOx, SO 2 , O 3 , particulates, etc., are potentially 
sigmficant degradmg agents in certain industrial and urban areas. Synergistic effects 
involving the combined effects of these pollutants with light, water, and heat are of 
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pnmary long-term concern. Specific degradation paths associated with pollutants are 
sometimes difficult to identify since they involve catalytic effects, multiple mter- 
dependent chemical reactions, etc. 

• Abrasives and Dirt — Dirt, blowmg sand, and dust, hail, etc., are known degrading 
agents that can contribute to degradation directly through alteration of the optical 
properties of cover-material surfaces and indirectly through the imtiation of surface 
flaws that provide nuclei for other degradation and failure modes. 

These are the primary factors that give rise to the property changes whose detection and 
quantification are the focus of this study, and it k the quantitative link between these environ- 
mental factors (mcluding combinations) and the degradation rate(s) that is the ultimate objective 
of the life-prediction process. The present state of knowledge regarding the specific effects of 
the above environmental factors on specific module constituents has been, necessanly, our 
pnmary guide in identifying microscopic-level changes that are most probably correlatable with 
degradation/failure modes. The correlation at present is empincal and qualitative at best. It 
may remain empirical for some time to come, however, it is the objective of this study to pro- 
vide the means to render it quantitative. 


B. PROPERTY CHANGES ASSOCIATED WITH 
ENVIRONMENTAL EXPOSURE 

1. Polymeric Materials 


The environmental aging of plastics is primarily a photooxidation process and ultimately 
results in changes in mechanical (embrittlement), optical (discoloration), and electr ical (mcreased 
dielectric loss) properties. Embrittlement results from molecular and/or morphological changes 
due to chain scissions and cross-linking reactions. Discoloration is associated with the formation 
of polyene chromophores. Dielectnc loss increases with increases in polar-group concentration' 
produced by reactions with oxygen and other reactive species. 

The principal steps in the degradation process may be descnbed as; 

(1) Absorption of energy 

(2) Chain scission (dissociation) and free-radical formation 

(3) Free-radical chain reactions (with and without oxygen) 

(4) Radical combination to form new products (polymeric and nonpolymeric, with 
and without oxygen-containing groups). 

Since most polymeric materials contain additives (stabilizers, plasticizers, processing aids, etc.), 
changes in these low-molecular-weight matenals also contnbute to the degradation process. An 
example is the stabilizer system. It may contain one or several matenals of relatively small 
molecular size, and serves, through one of several mechanisms, to prevent available energy from 
reacting with the polymer. However, with time, it is consumed and the degradation rate of the 
polymer accelerates. Moreover, as it is consumed, like most other additives, by-products can be 
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formed that adversely affect materials properties. Molecular defects or impurities in the polymer 
also may be regarded as additives in the sense that they cause atypical polymer performance and 
accelerate degradation. 

Degradation in polymers can be defined in terms of the occurrence of one or more of a 
number of primary events within the material that produce changes at the molecular level. 
Pnndpal among these primary events are chain scissions, cross-linking reactions, development of 
unsaturation, depolymerization, molecular rearrangement, volatile-product formation, and 
attendant reactions with foreign moieties (oxygen, water vapor, etc.). Certain events also can 
be anticipated in the low-molecular-weight additives present in the formulation. These are 
mamly of the latter three types mentioned here. 

Within the polymer, the occurrence of the events may be random, i.e., scattered throughout 
the bulk of the material or, more commonly, concentrated at exposed surfaces of the polymer. 
Ihe location at which primary events occur will be dependent on the nature of the degrading 
elements. UV degradation, for example, will be nonrandom. Degradation due to ionizing radia- 
tion, on the other hand, might be random. 

In addition to pnmary events within and/or at the surface of matenals, molecular-level 
changes at materials interfaces within the encapsulant system of the array also must be con- 
sidered. Here, primary events of the types identified above will occur durmg the degradation 
process. However, because of multimaterial involvement, these are somewhat more complex 
and, therefore, less understood than those associated with individual polymers. Further, mechan- 
ically induced stresses are more relevant precursors to failure at such interfaces. 

Polymeric materials, as well as glasses (discussed below), are also susceptible to abrasive 
attack when used as outer covers. 


2. Glasses 


Glasses are generally considered to be long-hfetime materials, although they are susceptible 
under certain conditions to weathering by chemical attack or abrasive particles. The two types 
of glasses of pnmary interest in this study are borosilicate ^ass and soda-lime glass (including 
both float and sheet, having low iron content that is commonly referred to as “water-white”)- 
Two-dimensional schematics of the structures of these matenals are presented in Figure 1II-2. 
The primary constituents are summarized m Table III-2. 

Borosilicate glass is highly corrosion resistant, highly transmissive for the solar spectrum, 
and has a lower thermal expansion coefficient than soda-Ume glass. It is also the more expen- 
sive of the two types and has a lower design stress limitation. Soda-hme float glass is the 
cheaper of these glasses. It is also weather resistant, with the tin-nch surface being more 
resistant than the sihca-rich top surface. (^1-2) does, however, exhibit higher light absorp- 

tion than either the borosilicate or the soda-lime, low-iron, “water-white” sheet. The latter 
exhibits low light absorption and is of intermediate cost. 

The important weathering agents for glasses include condensed moisture, acidic air pol- 
lutants, alkali, sunlight, and airborne particulates that can accumulate on and/or abrade the 
surface. The major area of attack is the surface of the dass, although solarization (photo- 
chromic effects) may, in general, exert a bulk effect.OlF'3) 
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Moisture is a key ingredient in the weathering of glass surfaces, both in the static fatigue 
associated with hydrated layer formation and in chemical attack associated with ionic solutions. 
The nature of the attack will depend on the types of ions present in surface moisture. Acidic 
solutions attack the surface through a leaching mechanism mvolving the exchange of sodium and 
hydrogen ions, as illustrated by the followmg reaction: 

Na’^ + HQ^' H+ + Naa . 

The rate of attack increases with the acidity of the solution. A schematic of this mode of 
attack is shown in Figure III-3a. The leaching process results in a depleted layer on the surface 
of the glass. The attack rate will be dependent (after the initial depletion) on diffusion through 
the depleted surface layer. 

Alkalme solutions have an etchmg effect on glass in which the silicon-oxygen bond is 
attacked m a manner illustrated by the followmg reaction: 

2X NaOH + (Si02)x ^ X Na 2 Si 03 + X H 2 O . 

This process is illustrated in Figure III-3b. If residue-buildup effects are not significant, the re- 
action rate is linear with time and increases by a factor of 2 to 3 per unit change in 
The rate of attack for most glasses is considerably higher m alkalies than in acidic solutions, how- 
ever, alkali attack is seldom encountered in weathering situations except where strong detergents 
are used for cleanmg. The resistance of soda-lime glasses to acidic corrosion may be improved 
by chemical treatment (surface dealkalinization or fluoride treatment); such treated glass has a 
potential for high corrosion resistance at low cost. 


Na*+HCI— K**NoCI 


2x NoOH* (SiOt)j^-* xNOjSiO, ■* xH^O 
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a. Acidic Ion Exchange Corrosion of 
Soda-Lime Glass 


b. Alkaline Corrosion of Glass m Which the 
SiO Bond is Attacked 


FIGURE ni-3. SCHEMATICS OF DEGRADATIVE REACTION FOR GLASS 


If antireflective coatings are used on the glass (or polymer) covers of modules, the corrosion 
resistance of the cover then depends pnmarily upon the chemical nature of the antireflective 
coating. As the development and application of these coatings progresses, it will be necessary 
to identify key environmental factors affecting them to ensure that appropnate diagnostics are 
brought to bear. 
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In solanzation, the interaction of solar radiation with impurity ions present m the glass 
results m valence changes and associated increases in absorption in the solar spectrum (and 
attendant changes in the color of the glass). Typical valence changes of this type may be 
illustrated by: 

• Mn'’’^ (weakly colored) + UV photons Mn'^^ (pink to purple) + e“ 

• Fe'*'2 (blue-green) + photons Fe'*'^ (yellow-green) + e~. 

Solarization can be avoided by minirmzing the amount of iron and other multivalent impurity 
ions present in the glass and is not likely to be a common problem m glass-encapsulated modules. 
Testing to detect unacceptable levels of impurities of this type should be part of the qualification 
and/or acceptance testing routine. 

Dirt accumulation can have a very significant, albeit reversible, effect on the apparent opti- 
cal properties of glasses. The effect is the direct result of reflection, scattenng, and absorption 
of solar radiation by the accumulated particulate material. Dirt-accumulation rates are a func- 
tion of the angle of inclination of the glass surface and the specific environment in which the 
solar array is operating. In the absence of etching or abrading of the glass surface, the effect is 
relatively mdependent of the type of material mvolved. This would tend to indicate that either 
the accumulated dirt acts like a black body in absorbmg solar radiation (e.g., through light en- 
trapment due to a porous structure) or that particle-size controlled light scattering is a significant 
contributor. As indicated above, dirt-accumulation effects that do not involve chemical inter- 
action with the glass are essentially fuUy reversible through proper cleaning. 

Abrasive attack of glass surfaces is also strongly dependent on the specific operational 
environment. Causitive agents for this effect include 'wmd-blown and water-borne particles. 
Washing or cleanmg techniques are a potential contnbutmg factor. The effect of abrasive attack 
is the localized removal of matenal from the surface region, resultmg m defect introduction (in- 
cluding microcrack mitiation) and surface irregulanty or rou^ness. 


3, Contacts, Connections, and Interconnects 


The cell contact metallization and the electrical interconnects between cells are susceptible 
to attack by corrosion associated with the penetration of water, oxygen, and other corrosive 
agents throu^ the protective encapsulation system (also, conceivably, by chemical compounds 
evolving from the encapsulatmg matenals themselves). These elements of the photovoltaic 
module are also subject to damage by thermally and mechanically mduced stresses 0II"3) 

Ideally, degradation of the metallization and interconnects should be preceded by degrada- 
tion or failure of one or more of the other elements of the module, assummg the adequacy of 
the basic module design for providing environmental and stress protection. Early diagnosis of 
changes m these elements of the module would, ideally, identify potential module/array deg- 
radation before the occurrence of detectable changes in the metalhzation and mterconnects. 

The availability of diagnostic tools adequate for the early detection of encapsulation systems 
changes that can lead to contact and interconnect degradation, particularly in the case of stress- 
related changes, is not clear at this stage of the investigation. (The Phase II evaluations should 
provide additional msi^t in this area.) The early detection of changes in these metallic com- 
ponents of the system could assume major importance if a suitable means for detectmg their 
precursors m other encapsulation-systems components are not available. 
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The cell contact metallization generally consists of a gndlike pattern that covers a small 
fraction of the active area on the front surface, and a large area contact on the back surface. / 
Common metallization systems used or considered for use m fabricating these contacts include. 

• Vacuum deposited Ti-Ag (with or without solder coat) 

• Vacuum deposited Ti-Pd-Ag 

• Screen printed silver 

• Screen printed aluminum 

• Screen printed copper 

• Electroless mckel or copper plating (with or without solder coat). 

Sintering of the contact at elevated temperatures is generally required at some stage in each of 
these fabrication processes to ensure adequate mechanical and electrical properties. For the 
Ti-Ag metalhzation system without solder coating, corrosion has been clearly demonstrated to 
be a potential problem, although even here the details of the mechanism of the corrosion process 
are not generally agreed upon.(HI“4) It is, however, clear that elevated temperatures and the 
presence of moisture are key factors, and that the process is accompanied by the generation of 
hydrogen and results in the production of an amorphous and relatively weak Ti02 layer at the 
original Ti-Ag interface. The end result is a loss of mechanical adhesion and an mcrease in the 
series resistance of the device, culminating m blistering and peeling of the contacts. The use of 
palladium as an interface between the titanium and the silver, or the use of a solder overcoat to 
prevent penetration of moisture through the relatively porous silver appear to be effective ways 
of eliminatmg or reducmg this problem to tolerable levels for space use cells durmg their earth- 
storage period. Whether these approaches are equally effective for cells operatmg 20 to 30 years 
m a terrestnal environment remains to be seen. Other corrosion processes for this system and 
key corrosion processes for other candidate contact metallization systems have not been identi- 
fied or characterized well enough to permit an assessment of their nature and potential impact on 
array lifetime. Discoloration of contact metallization m some modules under field test conditions 
has been observed, but information permitting speculation on the chemical origin and extent 
(e.g., as to whether it is confined to a surface layer that blocks continued attack) of the changes 
associated with this-discoloration is not generally available. Identification of optimum diagnostic 
tools specific to a given corrosion process requires the identification of the corrosive agents and 
the corrosion products. Some of the sensitive surface-analysis techniques available today could 
provide this information in cases where corrosion has been observed, however, the tests will 
likely require destruction of the module. Until such mformation is available, early detection 
and diagnosis of corrosive attack on cell metallization systems in modules will have to rely on 
sensitive measurements of property changes that are ancillary to the corrosion processes (e.g , 
changes in electrical characteristics and possibly changes in optical or “appearance” characteris- 
tics) and that commonly accompany all such processes. 

Connections between the leads or cell interconnects and the cell contact metallization are 
generally made by either soldering, welding, ultrasonic bonding, or thermocompression bondmg. 
These coimection points are potentially high-stress areas under thermally or mechanically m- 
duced movement. Design features that affect these stresses are well knovm (i.e., those that 
minimize thermal mismatches, use stress-relief loops m interconnects, etc.), and designs that 
are in principle adequate for “normal” conditions can generally be developed. Conditions that 
can lead to early failure under “normal” operational stresses are well known and well docu- 
mented as a result of the use of cells in the space program. These conditions (e.g., improper 
soldenng, improper interconnect loops, etc.) should be detectable during quality-control inspec- 
tions or qualification and acceptance testing and, hence, should not play a significant role in the 
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long-term degradation of photovoltaic modules/arrays. Under continual thermal cycling and 
mechanically mduced flexure over a 20 to 30 year period matenals and designs that were 
initially adequate could eventually fail. The early symptoms that might be precursors of failure 
at such a connection or joint include defect buildup or work hardening, creep, and microcrack 
initiation. These processes will be very difficult to detect (let alone quantify) early m the 
degradation process without destructive tear down since, m many cases, these connection areas 
are not readily accessible to close and careful inspection or mechanical testing in situ. Similar 
symptoms would accompany overstress or abnormal stress conditions that could result in failure 
at a connection. In this case, early detection and diagnosis of changes (e.g., hardening of pottants 
or adhesives) that cause stresses beyond design values would, hopefully, provide the key to 
analyzing and correcting the condition when necessary to meet operational-lifetime requirements. 

The electrical leads or interconnections between cells in a module can have several forms, 
including wire, wire mesh, metallized plastic films and PC boards, and metal ribbons or strips of 
various (and sometimes elaborate) forms. Materials that have been used as interconnects for 
photovoltaic modules/arrays include: 

• Copper — unplated or silver plated 

• Sliver 

• Beryllium copper 

• Aluminum — unplated or silver plated 

• Kovar-nickel/copper/solder or silver plated 

® Molybdenum — silver plated. 

Platmgs or claddings are used to increase corrosion resistance and to enhance conductivity 
in some cases. The current state of knowledge regarding corrosive attack of interconnects is 
similar to that for the cell contact metalhzation (excepting the known effects on unprotected 
Ti-Ag contacts) in that very little information is available. Discoloration of interconnects has 
been observed on some field-tested and humidity-tested modules and is attnbuted to “probable 
corrosion”; however, details of the reactions mvolved are not generally known. The nature of 
some of the matenals used would imply that processes other than straightforward oxidation 
would be required for large-scale corrosive attack of these structures. 

As with the contact metallization, tests to identify active corrosive agents and symptomatic 
corrosion products will probably require destructive tear down of modules to allow inspection 
and analysis of surface matenals. Monitoring of electncal charactenstics or optical properties 
that will be affected by corrosion-associated changes could provide a means for the general 
detection and rate charactenzation of corrosive attack. Corrosive agents, corrosion processes, 
and corrosion products will vary with the interconnect matenal. The identification of specific 
interconnect corrosion mechanisms that are applicable to photovoltaic modules and that could 
have an impact on the operational lifetime of such modules will require further experimental 
evaluations. Once these identifications have been made, a sound basis for recommending the 
most sensitive techniques for measuring the rate of corrosive attack can be developed. 

Stress damage to interconnects resulting from thermal cyclmg or periodic mechanical defor- 
mations will be manifested initially in work hardening of the metal and ultimately in the partial 
or complete fracture of the interconnect. These processes will be accompanied by changes in 
the electncal properties of the instrument. Work hardening would also produce changes m the 
microstructure of the interconnect that could be detected and characterized during destructive- 
tear-down tests. The earher stages of fracture would also be clearly observable durmg such tests. 
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4. Solar Cells 


Degradation of the silicon cells (as contrasted with materials deposited on the cells) is con- 
sidered to be unlikely under terrestnal conditions. The resistance of silicon to attack by the 
chemical elements and compounds that would normally be present under such circumstances will 
probably preclude corrosive attack of the cell itself. It is also unlikely that temperatures high 
enough to significantly affect diffusion profiles or impurity migration within the bulk silicon will 
be experienced, (If such temperatures were experienced for significant time periods, the damage 
to other module constituents would probably have a more immediate and catastrophic impact 
on performance.) Extremely high temperatures could arise in some concentrating systems if, for 
example, a coolant circulation system were to fail. Whether such catastrophic failures should be 
considered degradation’ is questionable. If, for some unanticipated reason, degradative changes 
in the cells should occur during terrestrial operation, the factors that are important in deter- 
mining cell performance (e.g., minonty-carrier diffusion lengths, junction characteristics, or sur- 
face recombination) are well understood, and techmques for analyzing and measuring changes in 
these factors are firmly established. Because it is unlikely that cell degradation per se will play a 
significant role in limiting the operational lifetime of photovoltaic arrays and because adequate 
means for measuring the property changes that would accompany ceU degradation are well 
known, an extensive treatment of cell-degradation mechanisms and techniques for measunng 
them has not been included in this study. 

One portion of the cell structure that mi^t be subject to long-term degradation is the anti- 
reflection coating. Antireflection coating materials that might be used m terrestnal photovoltaic 
modules include silicon oxides or silicon oxide — titanium oxide combinations, silicon nitride, 
and tantalum pentoxide. Techmques for producing antireflection coatmgs on photovoltaic cells 
include vacuum deposition, chemical vapor deposition, and spm-on or spray-on deposition. The 
long-term effects of combinations of thermal cycling and humidity on the adherence and optical 
properties of films of the above material (particularly films deposited by potentially low cost 
techmques such as the spin-on approach) have not been fully assessed. Speculation on micro- 
scopic changes that might be mvolved has no basis at present, however, the macroscopic effects 
of significant changes would clearly be either alteration of the index of refraction of the coating, 
alteration of its optical-absorption characteristics, and/or delamination. The presence of im- 
punty ions could give rise to photochromic effects (solarization) similar to those discussed for 
glass); however, this should properly be considered a quality-control or acceptance testing prob- 
lem rather than a problem involvmg degradation of normal module constituents. 

Fracture of a photovoltaic cell due to stresses beyond design values is a potential failure 
mode. Such failures are generally not preceded by long-term changes m cell properties that 
would allow projection of cell or module operational lifetime for this mechanism. Changes in 
the properties of other module constituents (e.g., substrate or pottant) will probably be more 
fruitful areas for early projections of failure due to ceU fracture. 


5. Substrates, Frames, and Edge Seals 


Module designs generaUy mcorporate either a ngid substrate or superstate as a base for 
mountmg the cells in fixed positions. In addition to providmg a base for mounting the ceUs, 
this module component also suppUes ngidity and strength to the module. Superstates generally 
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also serve as the front cover sheet of the module and must be made of either glass or a trans- 
parent polymer. Substrates may or may not serve as the back covering for the module. A 
wide range of materials has been considered at one tune or another for use as substrates 
These include various types of plastic sheet, glass, plywood, fiber^ass, masonite, transite, 
aluminum honeycomb, anodized aluminum sheet, porcelainized steel, and several others. The 
varied nature of these materials precludes generalized statements about degradation on a micro- 
scopic level m substrates. The property changes and degradation mechanisms in polymers and 
glasses which were discussed earlier in this section will apply equally when these matenals are 
used as substrates. Fatiguing or loss of strength and moisture barrier properties will be primary 
concerns, although, in cases where transmissive substrates are used to provide lower array 
operating temperatures, degradation of substrate optical properties could also assume signifi- 
cant importance. 

Metallic substrate materials could be subject to corrosion or stress-induced changes similar 
to those discussed for interconnections. Early detection and diagnosis of damage from corro- 
sion and stress in substrates will almost certainly require destructive tear down of modules and 
analysis and mspection by chemical and metallurgical techniques. Metallic substrates wiU 
generally mcorporate some coating or interface material to ensure electncal insolation from the 
cells and the interconnects. Changes in the electrical properties of these layers which could 
lead to arcing could also be important degradation modes. Probable property changes that 
would precede such arcing in the harder, less permeable coatings (e.g., the porcelain layer m 
porcelainized steel) include the initiation of cracks or voids in the layer, possibly due to stress. 
Additional property changes likely to be important pnmanly for polymeric mterface matenals 
mclude increases m ionic content and water-vapor content, and structural (chemical) changes 
which will result in increased electrical conductivity. 

Some module/array designs incorporate metal-backed foils as edge sealants to provide a 
barner against moisture penetration through the edge region; These components are unlikely 
to be altered significantly in this respect by the normal action of light, heat, or H2O. Puncture 
or rupture of the foil as a result of unusual stresses or the presence of unanticipated corrosive 
agents are potential damage modes. Changes in the adhesive layer (see discussion of poly- 
meries, Section III.B.l) between the foil and the module which could lead to delamination of 
the foil will be equally important. This is another component of the module in which damage 
will be difficult to assess without some disassembly, since framing components generally pre- 
vent ready access and mspection. 

The framing of the module/array, in designs which use this type of structure, consists of a 
metal channel (e g., aluminum) and appropriate gaskets and/or sealants. The frame is a key factor 
in establishing the mechanical strength of the module/array and hence its resistance to mechanical 
stresses. Factors that could impair the ability of this structural member to fulfill its function 
are, as with most of the otlier metallic components of the system, corrosive attack and various 
types and degrees of mechanical damage (e.g., creep, work hardening, stress rupture). As the 
metal frame is an external component, changes which are externally manifest (surface damage 
due to corrosion, dimensional changes or distortions, etc.) can be detected and to a hmited ex- 
tent analyzed to deduce degradation rates without removal of the module from its operational 
emplacement or disassembly. Highly precise analyses of these effects and very early detection 
of structural (microscopic) changes due to hnear or cyclic stresses will probably require destruc- 
tive examination of some samples with the use of metallurgical techniques to study their 
microstructure. 
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IV. SELECTED MATERIALS PROPERTIES, TECHNIQUES, AND 
INSTRUMENTS FOR DETECTION AND MEASUREMENT 
OF FAILURE-ORIENTED ARRAY DEGRADATION 


A. OVERVIEW - TECHNIQUES AND CRITERIA 


1. Techniques Selected and Their Categories 


This section contains summary descnptions of those techmques and mstruments which have 
been found, as a result of the extensive surveys and evaluations conducted m this study, to be 
directly applicable or potentially useful in photovoltaic-array-lifetime prediction. The selected 
techniques and instruments discussed in this section are the survivors of a detailed examination of 
a large number of candidates which were' identified by the researchers on the basis of their ex- 
pertise in the field, the computenzed literature searches, and consultation with numerous experts 
in specific appropriate fields. Table IV- 1 lists all of the techmques given detailed consideration 
in the course of the study. Brief comments and descriptions for some of the techniques appear- 
mg m Table IV- 1 which are not recommended for use m weathenng/aging tests or for further 
evaluation are contained in Section VIII. An inspection of the table reveals obvious overlap 
and cases where a given techmque could well fit into another category. It should be noted that 
the categorization system chosen for classifying the techniques and instruments is simply a con- 
venient means for dividing the activities of the study while insuring that potentially useful tech- 
niques would not be overlooked in the literature searches. It was not intended nor attempted to 
develop a unique division of the identified techmques and instruments. 


2. Focus of the Selection and Evaluations of Techniques 


Molecular-level degradative changes in polymeries are, at some total integrated level, 
generally accompanied or followed by changes m morphological properties (e.g., such properties 
as crystallinity and orientation). The latter may be thought of as property changes at the micro- 
scopic level. At still higher levels of degradation, these molecular- and microscopic-level changes 
manifest themselves as macroscopic changes, e.g., changes in tensile strength, elongation, hard- 
ness, and heat distortion temperature. 

As has been mdicated earlier, measures of molecular- and rmcroscopic-level changes, both of 
which occur earlier in the degradative process than macroscopic changes, are generally of more 
importance as early predictors of degradation. Consequently, diagnostic tools that manifest such 
changes must, at the same level of instrument sensitivity /precision, be of prime importance m 
studies directed toward prediction of service life. Thus, m such studies it is important that 
diagnostic tools be identified that can be used to quantify materials changes which are clearly 
precursors to failure extremely early m the degradation process, i.e., primarily at the molecular 
and morphological (microscopic) levels. Moreover, a number of such tools must be available so 
that each of the principal modes of potential failure of the key matenals and materials subsystems 
withm the array can be followed. 
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TABLE IV-1. TECHNIQUES, INSTRUMENTS, AND PHENOMENA INVESTIGATED 
FOR APPLICABILITY TO MEASUREMENTS IN LIFETIME- 
PREDICTION STUDIES 


Chromatography 
Wet Chemistry 
Mass Spectrometer 
Emission Spectrometer 
EPR 
NMR 

Mossbauer Effect 

Thermal/Vacuum Analytical Techniques 
SIMS 

Neutron Diffraction 
X-Ray Diffraction 


Chemical 

Electron Microprobe 
IR Techmques (FTIR, etc.) 

Auger 

Chemiluminescence 
XPS/ESCA 
Fluorescent Probe 

Electron Stimulated Desorption Spectroscopy 

ISS 

LEED 

Raman Spectroscopy 


Electrical 

Dielectrometry 
Resistivity 
Noise Effects 
Dark and Light I-V 


Cell Patterning (including passive and 
active devices) 

Electron Tunneling Spectroscopy 


Mechanical 

Rheology 
Bond Strength 
Elasticity 
Tensile Tests 


Impact Tests 
Acoustical Effects 
Flexural Strength 


Spectroscopy 

Microscopy 

Haze/Gloss Measurements 

Optical Wave Guide Effects 

Ellipsometry 

Reflectance 

Absorptance 

Scattering Phenomena 


Optical 

Photoelasticity ORIGINS PAGE IE 

Magneto-Optical Effects QP POOR QUALITY 

Piezo-Optical Effects 
Laser Diffraction 
SEM 

Holography 

Optical Multichannel Analysis 


Thermal 

Thermal Conductivity Thermal-Analytical Techniques (DSC, DTA, 

Thermal Expansion Coefficient etc.) 

Heat Capacity 


Other Physical Techniques 

Water Vapor and Gas Permeability Photoacoustic Spectroscopy 

Profilometry 
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In considering potentially applicable tools, candidates have been identified that are hkeiy to 
be useful in providing information on molecular- and morphological-level changes within and at 
surfaces and interfaces of the vanous array matenals. Selected mstruments and methods for 
monitoring macroscopic-level events have also been identified, smce measurements of these events 
serve important supplemental and m-situ measurement requirements for lifetime-prediction studies 
as well as provide “first Ime” indication of changes when instrument sensisitivity, precision, and 
accuracy are adequate. 

•I 

In this section, the specific types of degradation modes and mechanisms which are best 
suited to measurement by a given instrument or techmque are identified. In this study, the 
researchers made use of the most current available mformation to identify the most important 
degradation and failure modes and their microscopic precursors as discussed in Section III. 

Sources of information used mclude the reports and discussions of personnel from JPL, MIT- 
Lincoln Laboratories, and NASA-LeRC based on their experience with acceptance and field test- 
ing, and discussions with experts, mtemal and external to Battelle, on the properties (including 
degradation thereoO of polymers and glasses. The investigation of techniques then focused on 
identifying and evaluatmg techniques (and instruments) which would provide the most sensitive 
and direct means of characterizing the key degradation-related factors identified from these 
sources. 


3. Evaluation Criteria Used in the Study 


The evaluations of the techniques and mstruments (once their basic applicability had been 
established) were based on a series of technical and economic criteria which were established, for 
the most part, during the conceptual stage of this study. The basic cntena are listed in 
Table IV-2 These cnteria also play a key role in the evaluations of Section V where cross- 
category assessments of measurement techniques are discussed. More detailed consideration of 
some of the key cntena are presented in that section. 

The following discussions of the selected instruments and techniques are divided in accord- 
ance with the original categorization, i.e., chemical, mechanical, optical, thermal, electrical, and 
“other physical”. 
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TABLE IV-2. INSTRUMENT AND TECHNIQUE EVALUATION CRITERIA 


Properties Measured 

Areas of Applicability (material classes, bulk or surface, environments, 
etc.) 

Measured Property Value Ranges and Sensitivity in Ranges 

( 

Accuracy m Ranges 
Precision in Ranges 
Required Form of Test Specimen 

Effect of Measurement on Test Specimen (destructive or nondestructive) 
Suitability for In-Situ Measurements 
Instrument Cost 

Ease of Measurement (equipment and specimen preparation, set-up 
time, run time, monitoring, etc.) 

Cost of Test (power and environmental requirements, operator skill 
level, etc.) 

Instrument Portabibty (size, power requirements, special environmental 
or cooling requirements, etc.) 

Calibration Requirements and Reproducibility Among Instruments 
Availability of Instruments 
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B. CHEMICAL MEASUREMENT TECHNIQUES SELECTED 


1. Background 


In the chemical-techniques category, analytical instruments capable of detecting chemical 
changes related to degradation of photovoltaic-array components were investigated These in- 
clude such thmgs as carbonization of polymenc surfaces due to oxidation, cham scission of 
polymers, chemical leaching of glass surfaces, and metal corrosion. It was recognized from earlier 
studies that information on precision would be difficult if not impossible to find. For this reason 
part of the literature search focused on the identification of such information. This search was 
successful in finding precision studies on two of the key tests being recommended; gel permea- 
tion chromatography and Auger electron spectroscopy. Information on sensitivity was found 
rather easily in most cases, while information on accuracy was limited; however, since it is 
not absolutely necessary for accurate measurements of degradation rate*, in most cases, this 
was not of major concern. 

The following analytical instruments m this category are considered most suitable for detec- 
tion of degradation of photovoltaic-array components 

• Founer Transform Infrared (FTIR) Spectroscopy includmg Attenuated Total 
Reflectance (ATR) 

• Electron Spectroscopy for Chemical Analysis (ESCA), X-Ray Photoelectron 
Spectroscopy (XPS) 

• Auger Electron Spectroscopy (AES) 

• ESCA or XPS, and AES in conjunction with ion sputtering for depth profiling 

• Chemiluminescence (Cl) 

• Gel Permeation Chromatography (GPC) 

• Combination of Mass Spectrometry/Gas Chromatography (MS/GC) 

• Surface Energetics. 

Discussions of each of these mstruments and their areas of apphcability follow. 


2. Fourier Transform Infrared (FTIR) Spectroscopy 


Infrared spectroscopy is based upon the interaction of infrared electromagnetic radiation 
with matter. This mteraction results in absorption of certain wavelengths of radiation, the energy 
of which corresponds to the energy of specific transitions between various rotational or vibrational 
states of tlie molecules or groups of atoms withm the molecule. The IR-absorption spectrum of 

♦Measurement of rate of change involves the difference between two measured values The inaccuracies in each are cancelled out 
upon subtraction. This, of course, is true only if test bias is constant. 
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a material is a measure of the fraction of the mcident radiation absorbed as a function of wave- 
length. The magmtude of the absorption can be related to the concentration of specific absorb- 
ing groups and, therefore, IR spectroscopy is a quantitative tool. In polymenc systems, mfrared 
spectroscopy can be used to measure the degree of regularity of the arrangement of macromole- 
cules (i,e., degree of crystallimty or orientation of stretched film or fibers). Number average 
molecular weight and degree of branchmg can also be determined. 

Conventional IR spectroscopy can be used as a quantitative tool for studying degradative 
changes; however, Fourier transform infrared spectroscopy offers the potential for significantly 
higher precision in charactenzing the small changes that could be encountered in the LSSA- 
lifetime studies. 


FTIR Apparatus and Measurements 

A schematic representation of the configuration of the FTIR apparatus is given in Figure IV- 1. 
Modulated light from the source is collimated and passed to the semireflectmg mirror of the inter- 
ferometer. The interferometer consists of two fully reflective plane mirrors (one movable) at 
ri^t angles to each other and the semireflectmg mirror oriented at 45 degrees to the other two 
mirrors. The semireflectmg mirror splits the collimated hght into two equal beams for the other 
two mirrors. When these two mirrors are located such that the optical paths for both beams are 
equal, the beams wiU be in phase when they return to the beam-splitting mirror and will con- 
structively interfere. Displacmg the movable mirror by a distance equivalent to one-quarter wave- 
length (for monochromatic hght) will result in destructive interference of the beams. Continuous 
linear movement of the mirror (in either direction) wiU result m a continual cycling of the illu- 
minated field from H^t to dark as the mirror displacement goes through quarter-wavelength 
multiples. When the mirror is moved with a velocity v, and using light of wavelength X, the 
signal from a detector will have_a frequency / = 2vj\. Plotting detector signal against mirror dis- 
tance yields a pure cosine wave. If polychromatic light is used, the result is the sum of aU of 
the cosme waves, which is the Fourier transformation of the illummatmg spectrum. The intensity 
at each wavelength is modulated by a frequency / as given above. Performing an inverse transfor- 
mation of the mterferogram then yields the spectrum. This is accomplished through the use of 
digital computer techniques. In summary, the Founer transform IR spectrometer performs a 
frequency transformation, instead of dispersmg the polychromatic light, m order to achieve wave- 
length discrimination and uses a dedicated digital computer (with appropriate analog conversion 
devices) to effect rapid analysis of the data. These factors lead to the foUowmg two major ad- 
vantages of FTIR over conventional mfrared spectroscopy 

• The use of an interferometer results m a substantial gain in energy or light through- 
put as compared with a monochrometer. This gam m energy results from the fact 
that all wavelengths of hght are examined simultaneously in an mterferometer (i.e., 
the light is not dispersed to provide wavelength discrimination) and energy losses of 
the magnitude of those occurring m a dispersive mstrument, which examines the 
li^t one wavelength at a time, are not experienced. This additional energy can be 
used m one of several ways, (a) for faster scan speeds (as fast as 0.6 second), 

(b) for up to a 30-fold increase in signal-to-noise ratio, or (c) for 10^ to 10^ 
greater sensitivity, 

• The availability of a dedicated computer offers several major data-handling advan- 
tages. Spectra ratios can be compared and the spectra manipulated to remove 
absorption bands arising from background materials, and the computer can be 
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FIGURE IV-1. ILLUSTRATION OF FTIR APPARATUS 




used to perform spectral arithmetic. Thus, spectra can be added or subtracted from 
each other and also multiplied or divided. In this way, the spectra can be adjusted 
m size, and unwanted components can be removed from the spectra without the 
necessity of chemical separation. A conventional IR spectroscopic setup could of 
course incorporate a dedicated computer and thereby gain similar capabilities for 
data manipulation. The ability to easily compare different sets of data and detect 
differences is of key relevance to accelerated testmg and degradation studies. 

Examples of the use of FTIR systems are given in the following paragraphs. The sensitivity 
of FTIR systems is illustrated by the fact that it has been possible to get usable spectra on 
25 nanograms of material (using a Digilab FTS-14 system), whereas 1 microgram has been the 
hmit with dispersive infrared spectroscopy (Perkm-Ehner 521 infrared spectrophotometer). 
Analyses can be done in aqueous systems that are difficult, if not impossible, to do with dis- 
persive spectroscopy. In this area it has been possible to detect -and identify drugs in water in 
the 100-ppm range. 

Another example of the sensitivity of FTIR systems is presented in Figure IV-2 which 
shows the spectra of thm films of stearic acid deposited on an internal reflection crystal (ATR, 
or attenuated total reflection). It suffices to say that spectra can be easily obtained on very 
thin films (25 A = a monomolecular layer) and that differences between these thin films can 
easily be detected. Thus, an ATR technique could be devised which would permit spectra of 
materials to be obtained on a monomolecular film or less (partial surface coverage) 

In Figure IV-3, the sensitivity of FTIR is emphasized even more. Here the spectrum ob- 
tained on the Digilab FTS-14 system (Figure IV-3B) is of much higher quality (even without 
scale expansion) than even the lOX scale-expansion spectrum obtained on the Perkin-Elmer 
dispersive spectrophotometer. From results such as these, it has been estimated that Fourier 
transform infrared systems are inherently 10 to 100_ times more sensitive than dispersive 
spectroscopy. 

An illustration of the value of the computer is shown in Figure IV-4. This figure shows the 
transmission spectrum of a film of low-density polyethylene (Figure IV-4A) and of the same type 
of low-density polyethylene after weathering (Figure IV-4B). While the film thickness is not iden- 
tical, it is still apparent from Figures IV-4A and IV-4B that there are no visual differences between 
the spectra of the two films. However, when the spectra of Figures IV-4A and IV-4B are stored 
m the computer file and then subtracted, the result is shown in Figure IV-4C. Here it is apparent 
that there is a real difference between the two films which can be seen better when the spectrum 
of Figure IV-4 is scale expanded (Figure IV-4D). The mfrared absorption bands marked “O” 
(Figure IV-4D) indicate the expected oxidation effects upon weathering. Surprisingly however, 
those bands marked “S’* clearly demonstrate that the weathered polyethylene also contams a 
sihcone grease. In this instance, a sihcone grease was used as a mold release agent when the films 
were cast. For the weathered polyethylene, a little more silicone grease (trace amount) was used 
than for the unweathered polyethylene film. Smce silicone grease can affect weathering perfor- 
mance, even a trace quantity like that seen in Figure IV-4 could affect the weathering results. 

Figure IV-5 repeats the subtracted transmission spectra of weathered and unweathered poly- 
ethylene (shown m Figures IV-4C and IV-4D). This figure shows subtracted spectra of the same 
two polyethylenes except that the onginal polyethylene spectra (before subtraction) were ob- 
tained via the ATR technique rather than by transmission methods (with ATR, only absorption 
near the surface is measured). Companson of the ratio of bands due to oxidation with those 
due to silicone in Figures IV-5A and IV-5B mdicates that the sihcone is dispersed throughout 
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FIGURE IV-2. FTIR SPECTRA OF STEARIC ACID ON KRS-5 CRYSTAL, SPECTRA 
OBTAINED USING THE DIGILAB FTS-14 FTIR SYSTEM 
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FIGURE IV-3. STEARIC ACID (25 A) ON KRS-5 CRYSTAL, OBTAINED ON (A) PERKIN-ELMER 521 

SPECTROPHOTOMETER; (B) DIGILAB FTS-14 FOURIER TRANSFORM INFRARED SYSTEM 
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the film, while the bulk of the oxidative effects occur on or near the surface of the polyethylene 
film. Thus, a great deal of mformation can be obtained from a few spectra, using the ability of 
the computer to perform arithmetic. 


Measurements Applicable to Modes of Failure 

The photodegradation of most organic polymers results m the formation of carbonyl groups. 
Since the oxidation is diffusion controlled, the carbonyl concentration is higher at and near the 
surface than m the bulk of the matenal. Carbonyl can be easily detected by FTIR and ATR- 
FTIR can be used to measure carbonyl close to the surface. Carbonyl concentrations as low as 
approximately 0.01 to 0.1 percent can be detected by FTIR but calibration is required for ab- 
solute quantification. The mmimum amount of carbonyl change detectable has not been deter- 
mined. Increases in carbonyl can be detected after a relatively short tune of outdoor exposure 
for many organic polymers. Smce the formation of carbonyl groups is felt to be a precursor to 
failure caused by higher levels of oxidation, FTIR should prove quite useful m service-hfe pre- 
diction. It is applicable to any organic polymeric material used in the photovoltaic array but 
appears particularly apphcable to polymenc cover matenals such as polycarbonate, polyvmyl- 
fluoride, and poiymethyl methacrylate. Aside from its abihty to detect carbonyl groups, FTIR 
can also be used to follow changes m crystallinity and by using polanzed hght is also capable of 
measunng onentation changes. These capabihties are important because both types of change 
can occur as the result of outdoor degradation of polymeric matenals and both could conceiv- 
ably lead to failure. 


Cost and Other Information 

An FTIR apparatus costs approximately $120,000, includmg the computer, and is manu- 
factured by several companies including Beckman Instruments and Digilab, Inc. It is a non- 
destructive test but sample size requirements -will necessitate module destruction m the case of 
a module test. The test is not portable. 


3. Electron Spectroscopy for Chemical Analysis (ESCA) 


With ESCA, also known as X-ray photoelectron spectroscopy (XPS), the sample of interest 
IS exposed to a 10 kv source of monochromatic X-rays. This is followed by analysis of the 
energy spectrum of the resultmg photoelectrons emitted from the sample. The method is capa- 
ble of detecting elements present at an atomic fraction of 10‘2 to lO"^. The penetration depth 
is 5 to 15 A for metals, 15 to 25 A for morganic compounds, and 50 to 100 A for organic com- 
pounds. ESCA provides measures of bmding energies of the electrons in both the deep-lymg 
shells and valence bands, and these in turn provide information of a chemical nature about the 
bulk sample and, m particular, about its surface. The experiment is earned out in ultrahigh 
vacuum and samples are generally solids— small plates, powders, or frozen liquids. The instru- 
ment is illustrated schematically in Figure IV-6. 
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FIGURE IV-6. CROSS SECTION OF AN X-RAY PHOTOELECTRON 
SPECTROMETER, XPS (OR ELECTRON 
SPECTROSCOPY FOR CHEMICAL ANALYSIS (ESCA) 


With ESCA, the information content per spectrum is unsurpassed by any other spectroscopic 
technique. The levels of available information are, as pointed out by Qark^I^'l), the following" 

(1) Absolute bindmg energies, relative peak intensities, shifts in binding energies. 

Element mapping for solids, analytical depth profiling, identification of struc- 
tural features, etc, 

(2) Shake up-shake off satelhtes. Monopole excited states, energy separation with 
respect to direct photoionization peaks, relative intensities of components of 
“singlet” and “triplet” origin, 

(3) Multiple effects. For paramagnetic systems, spin state, distribution of impaired 
electrons (analogue of ESR). 

(4) ‘Valence energy levels. 


(5) Angular dependent studies. For solids with fixed arrangement of analyzer and 
X-ray source, varying take-off angle between sample and analyzer provides means 
of differentiating surface from subsurface and bulk effects. Variable angle be- 
tween analyzer and X-ray source yields angular dependence of cross sections, 
asymmetry parameter |3, symmetries of levels. 
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However, if information from any one of these levels obtained by ESCA is compared with that 
available from the most competitive of the other available spectroscopic techniques, ESCA almost 
mvanably has sensitivity. 

Unlike all of the other surface spectroscopic tools employing an excitation beam and an 
analyzer such as AES, SIMS, LEED, and SSP, ESCA can be applied to polymeric systems. 

Because the ESCA dose rate is several orders of magnitude smaller than that of the other surface 
methods, it is essentially a nondestructive test when applied to polymers 

Much of the ESCA work done to date on polymers has been done by Clark. He lists 

the following advantages of ESCA in studying polymeric matenals. 

(1) Techmque essentially nondestructive. 

(2) High sensitivity and modest sample requirement. 

(3) Large number of information levels available from a single experiment. 

(4) For solids, unique capability of differentiatmg surface from subsurface and bulk 
phenomenon. Analytical depth profiling possible. 

(5) Information level such that ab-initio mvestigations are feasible. 

(6) Data often complementary to that obtained by other techmques Umque capa- 
bilities central to the development of a number of important fields. 

(7) Theoretical basis well understood; results of considerable mterest to theoreticians 
and may be quantified. 


Measurements Applicable to Modes of Failure 

i 

For polymers used m the photovoltaic arrays, ESCA is particularly useful for measuring sur- 
face carbonylation, which is frequently considered to be an early precursor to several kmds of 
failure. It has already been mentioned that these surface carbonyls can be measured vwth FTIR with 
the aid of attentuated total reflectance. Actually, however, ATR-FTIR measures to a depth of 
100 to 200 A whereas ESCA measures 5 to 100 A, ESCA, therefore, might be more appropri- 
ate for failure modes concerned with surface and not bulk changes. 

For glass covers, ESCA should be useful for detection of Na"^ depletion due to erosion by 
acidic solutions Most other types of surface films or deposits caused by pollution, ram, UV, 
etc., can also be detected with ESCA 

Smce ESCA is a surface tool it cannot, of course, be used for in-situ interfacial analyses. It 
should be helpful, however, in diagnosmg failure modes, after tear-down or “autopsy” analysis of 
failed units providing the exposed mterface is not too thick. 

ESCA IS also useful in conjunction with ion sputtering for determining depth profiles, i.e., 
plots of concentration versus depth mto the polymer surface. Such mformation is expected to 
be particularly useful for interfacial tear-down failure analyses. For an interfadal failure, both 
surfaces could be depth profiled as an assist in the determination of the cause of failure. For 
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example, in a delammation involving two polymeric materials, depth profiling of the surfaces may 
help to differentiate between failure due to a low-molecular-weight species migrating to the sur- 
face and that due to thermal stressing. Depth profiling with ESCA would also be useful m moni- 
toring any changes in the antireflective coating on the glass or polymer cell cover. 


Test Variability, Sensitivity, Etc. 

Data on test variability, such as variation of replicates and variation between laboratories, 
mstruments, and operators of instruments, do not appear to be available. ASTM Committee 
E-42 on Surface Analysis, however, is in the process of conducting a round-robm test to obtam 
such information. 


Cost and Other Information 

The cost of an ESCA unit is presently in the vicmity of $200,000, depending upon the 
desired options. ESCA units have been manufactured by DuPont, Hewlett Packard, and Physical 
Electromcs Industnes, Inc, However, only Physical Electronics still produces the unit commer- 
cially. The unit is quite large and heavy, especially with its dedicated computers, and is therefore 
not portable. It is a specialized instrument and requires a fair amount of skill in its operation. 


4. Auger Electron Spectroscopy (AES) 


In Auger electron spectroscopy, an electron beam (2 to 300 ev) is directed onto the surface 
of a test specimen where it excites electrons in the surface and near surface atoms of the sample. 
This excitation results in the removal or freemg of some inner shell electrons from the atoms, 
creatmg vacant states. These states are subsequently filled by outer shell electrons, and this re- 
laxation process is accompamed by the ejection of electrons with energies characteristic of the 
specific energy levels (and, hence, atomic species) involved. These electrons are called Auger 
electrons. An Auger spectrum consists of a plot of the derivative of the energy distribution of 
the ejected electrons versus energy. 

AES is capable of detecting as little as 0, 1 percent of an atomic layer and has a penetration 
depth of only a few atomic layers. 

AES has become a well-established techmque for the quahtative analysis of surfaces, par- 
ticularly metals. Its acceptance as a quantitative technique, however, has been less widespread 
owing to the difficulty of establishing suitable cahbration standards and to the lack of a com- 
prehensive quantitative theoretical analysis. Most attempts to quantify AES have been empirical 
owing to lack of knowledge of ionization cross section, effects of diffraction, chemistry, and 
surface roughness, the enhancement of Auger signals by backscattered electrons, the variation in 
average escape depth for electrons of different energies and inability of commonly used detectors 
to measure absolute Auger currents. 

Many papers, nevertheless, report quantitative uses of AES. These results are based on 
suitable calibration of the Auger signal strength relative to some independent technique such as 
electron microprobe, ellipsometry, piezoelectric thickness monitors, and low-energy electron dif- 
fractioiL West^IV"^) has shown that the long-term (112 days) reproducibility of AES data in a 
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study of alloys of known composition is m the vicinity of +20 percent. In other work, 
Chang(I^"3) reported vanations in the reciprocal sensitivity factor of up to 30 percent from 
sample to sample and in different matenals. These results suggest that AES is not capable of 
detectmg the minute degradative changes of interest in the LSSA program. It may, however, be 
quite useful for detecting the onset of corrosion on the leads and metallization as well as other 
tear-down testing. Gutsche and Hill^^^'^) have reported such an mvestigation. 

When used m conjunction with ion sputtermg, AES is capable of producing a depth profile, 
i.e., a plot of concentration versus depth into the specimen. Such mformation should be 
especially useful m tear-down testing for failure modes For example, m polymer-metal delamina- 
tions, an oxide film may be detected between a polymer layer and a metalhzation layer mdicat- 
ing poor adhesion between the polymer and the metal oxide. 


5. ChemUiiminescence 


The chemiluminescence technique measures hght, generally of very low intensity, which is 
emitted m the course of a chemical reaction, particularly a reaction involving oxidation or deg- 
radation of materials, e.g , hydrocarbon oxidation. In these instances, part or all of the energy 
change of the reaction goes to activate an electromc state in some molecule rather than appear- 
ing as heat. The activated molecule returns to the normal state by emittmg the excess energy as 
radiation. Chemduminescence measurements are capable of giving kmetically and mechanically 
significant results for reactions too slow to measure by other means. The extreme sensitivity 
(down to reaction rates as low as lO'^'^ moles/year) of the chemdummescence techmque makes 
it unexcelled m cases where very slow reactions must be detected. This nondestructive technique 
should be useful in determining reaction rates associated with degradation of the polymenc 
materials m an array such as the cover, the encapsulant, adhesives, and pottants. In general, for 
transparent materials, the techmque measures degradation of the bulk material. If the sample is 
opaque, it measures surface degradation. Theoretically, the technique is apphcable to polymer- 
polymer mterfaces by first measuring chemiluminescence of the interface and then measuring 
the separate components. Whether this can be done m practice remains to be seen. 


The Chemiluminescence Apparatus 

An artist’s rendition of the chemduminescence apparatus is presented in Figure IV-7. The 
heart of the apparatus is an RCA Model 4501/V4, 12-stage photomultiplier whose output can be 
displayed m analog (strip-chart recorder) or in digital (photon second) form. Below the photo- 
multipher head are a sequence of shutters, focusmg lens, and a wheel containing filters. The 
sample is placed m the inner chamber of a two-compartment oven. The mner chamber is pro- 
vided with electnc heatmg elements, while the outer chamber is cooled continuously to avoid 
heating the aluminum box that contains mechanical controls. Provisions are included for 
metering-in two gases into the sample oven at rates read from flow meters. 

Background counts with no sample in the oven are found to be a function of temperature 
(mcreasing with mcreasmg temperature) and are larger in oxygen than m argon. This mcrease is 
not significant because the sample counts generally exceed those from the background by several 
orders of magmtude. 
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FIGURE IV-7. PHOTON COUNTING APPARATUS FOR CHEMILUMINESCENCE 
MEASUREMENTS OF SOLID OR LIQUID SAMPLES 



Test Repeatability 

For most matenals of mterest, photon emission rates are 1 to 10^ per second. The data are 
obtained as arithmetic means of the count in approximately a 10-second interval and the count 
can be automatically recorded or fed directly into a minicomputer for data treatment. If the 
individual count data have a standard deviation of a, then by a theorem in statistics the standard 
deviation of a mean of N measurements is a/rN. Thus, any desired level of precision can be ob- 
tained simply by using an appropriate sample size, N. For example, if extreme precision is 
necessary, the sample can be run overnight, over a v/eekend, etc., with the computer doing the 
data collection and statistical evaluation. Thus, a smgle sample can be measured with any de- 
sired precision. 

Comparisons between samples, however, have in some mstances shown differences too great 
to be attributed solely to the inherent vanability of the instrument. Further testing will be re- 
quired to detenmne whether such events are due to actual sample variability or mstrument drifts. 
Variabihty among instruments and laboratories has not been determmed 


Cost and Other Information 

Components are manufactured by RCA, Products for Research, and NJE Corporation. The 
instrument descnbed was constructed by Battelle at a total cost of approximately $50,000. 

The instrument weighs about 40 pounds and can be made portable. Optimal sample size is 
a 3-inch-diameter sample of any thickness, but smaller samples can be accommodated. The sam- 
ple can be solid, liquid, or powder. The apparatus is extremely simple to run smce it involves 
only placing the sample in the test chamber and taking the photon counts off a recorder 


6. Gel Permeation Chromatography (GPC) 


Gel permeation chromatography is used to measure the molecular-weight distribution of 
polymers. It mvolves selective adsorption of the polymer onto various size gel particles packed 
in a column. A differential refractometer detector and strip-chart recorder are used to record 
the resulting chromatogram. It is potentially useful for detection of molecular-weight reduc- 
tion in polymers due to degradative chain scission. Low-molecular-weight additives such as 
plasticizers and residual monomer are also detectable, since the test output is an entire dis- 
tnbution curve. 


Precision and Accuracy 

Quano(^^"^^ estimated precision of GPC for polydunethylsiloxane and polystyrene, the 
former with a broad molecular-weight distnbution, the latter with narrow distribution His 
results are shown in Table IV-3. Estimating the standard deviation as one-third of the mean, 
coefficients of vari^ion (i.e.^standard deviation divided by mean) were calculated for the six 
table entries. For Mxv and Mn (weight an^ number average molecular weights, respectively) 
they ranged from 5 to 7 percent and for from 1 to 2 percent. Accuracies were' also 

estimated by Quano by comparing his results with supphers specifications. Results are shown 
in Table IV-4. 
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TABLE IV-3. REPLICATE RUNS FOR ESTABLISHING THE PRECISION OF 
GEL PERMEATION CHROMATOGRAPHY (GPC) 




X 10-3 



M„ X l(r3 



M^/Mq 


Polymer 

Max 

Value 

Mean 

Value 

Min 

Value 

Max 

Value 

Mean 

Value 

Min 

Value 

Max 

Value 

Mean 

Value 

Min 

Value 

PS-97,200 

105 

98 

91 

99 

91 

84 

1.08 

1.07 

1.06 

Polydimethyl- 

siloxane 

#145C-03 

1,353 

1,218 

1,083 

709 

659 

610 

191 

• 1.85 

1.78 

Polydimethyl- 

siloxane 

#145C-02 

142 

132 

123 

59 

54 

49 

2.50 

2.45 

2 39 


TABLE IV-4. AGREEMENT BETWEEN SUPPLIERS DATA AND EXPERIMENTAL 
DATA FROM GPC 


Suppliers Spec. 

Molecular Weight Detector 

Polymer Sample 

X 10-3 

Mw/M„ 

Mw x 10-3 

Mn X 10"3 

M^/Mn 

PS-97, 200 

97.2 

1.06 

98 

91 

1.07 

PS-161,000 

160 

1.06 

188 

162 

1.16 

PS-411,000 

411 

1.06 

387.6 

364.9 

1.06 

PS-1.8 X 106 

1,800 

1.20 

1,792 

1,470 

1.22 

Polydunethylsiloxane 

165.7 

3.52* 

132 

54 

2.45 

(145C-02) 

Polydimethylsiloxane 

609.4 

4.05* 

1,218 

659 

1.85 

(145C-03) 

Polymethyl methacrylate 

105 

2.15* 

99 

35 

2.80 

Polycarbonate 

47.9 

2.65* 

51 

26.7 

1.91 

(053C-04) 


♦Obtained by standard GPC techniques. 
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Although suppliers specifications are generally not a good standard for accuracy determination, 
they are sufficient for an approximate estimate. Overall, on the basis of suppliers’ specifications, 
accuracy was generally poorer than precision, with deviations from suppliers’ values as hi^ as 20 per- 
cent, Ignoring the spurious values for polydimethylsiloxane. Quano indicated that precision 
could be considerably improved with a better pumping system and computerized data smoothing. 

In spite of its apparent lack of ultrahigh precision, gel permeation chromatography provides 
much information on low-molecular-weight additives and provides a method of separation of 
components for use in infrared, mass spectrometry, etc. If one considers the prmcipal types of 
changes that are Ukely to occur in a polymer during aging and looks at tools for the study of 
these changes, only GPC appears relevant for following chain scission and vanation in low- 
molecular-weight nonvolatile components. 


7. Gas Cliromatography — Mass Spectrometry 


Gas chromatography, a well-known technique for separating volatile orgamc compounds, can 
be applied both qualitatively and quantitatively to a wide variety of materials The technique 
mvolves the separation of components of a mixture by passing it through a column contaimng a 
stationary phase, either solid or liquid. Usually a gas is used to transport the mixture through 
the column. The separation is caused by differential adsorption of the vanous components. 

The detection of these components as they exit from the column may be accomplished m many 
different ways. This section deals only with mass spectrometnc detection Whatever type of 
detection is used, gas chromatography is a very powerful tool because throughput can be effected 
very rapidly and compounds with only very minor physical or chemical differences can be 
separated. 

In mass spectrometry, molecules of the matenal to be analyzed are introduced into a vacuum 
chamber, where they are then ionized. The resultant ion mixture is then resolved on the basis of 
the mass to charge ratio (m/e), usually by a magnetic sector analyzer, and the so-called mass 
spectrum — ion mtensity versus m/e — is recorded. Usually the ionization is produced by impact 
of low energy (50 to 100-volt) electrons on the vapor molecules. In some cases, the ions formed 
originally may degrade to fragment ions and neutral species. Occasionally the parent ion is so 
unstable that it can be detected only indirectly by analysis of the major fragments. So-called 
chemical ionization may sometimes be useful m avoiding such cases. In this techmque a reagent 
gas IS introduced mto the ion source at a pressure of about 1 torr. Some of the reagent gas 
molecules are iomzed by electron impact and these ions then cause ionization of the sample 
molecules. 

Mass spectrometry is useful in itself and also in combination with gas chromatography, 
where it can serve as a very sensitive detector. In either case the use of modem data-processing 
technology mcreases the power and usefulness of the technique. Two types of computer-based 
MS/GC analysis are used* repetitive scanning and selected ion monitoring. In the first, the mass 
analyzer repeatedly scans over a mass range selected by the operator. Scans take from 2 to 
4 seconds. In a typical MS/GC run of 30 minutes, 400 or more spectra are stored in the com- 
puter. At the completion of the run a total ionization chromatogram is ob tamed by computer 
plot of the summation of the ion intensities for each scan versus scan number. Tlie primary use 
of such plots is to determine which scans contam mass spectral data corresponding to each com- 
ponent of mterest. However, since ail of the data are stored m the computer, they can be 
examined and plotted m many different ways. A typical example is selected ion monitoring, in 
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which the ion current at selected masses is plotted versus time (or spectrum number). These 
plots can be obtained either by having the computer extract the data acquired by repetitive 
scanmng or by havmg the mass spectrometer continuously monitor selected ion masses. The 
latter technique has the advantage of better quantitative reliability and sensitivity at least 100 
tunes better. 

The usefulness of MS/GC in the study of molecular processes leading to possible degradation 
of solar-cell performance depends critically on the generation of volatile fragments as the polymer 
component of the cell degrades and on whether available apparatus is sufficiently sensitive to 
detect and measure the material that is exuded. In the case of the photolytic degradation of 
PMMA at room temperature^^^"^), several volatile products have been detected. In addition to 
CH 4 , H 2 , CO, and CO 2 , methyl formate, methanol, and methyl methacrylate monomers have 
been detected. Studies of vacuum photodegradation at 30 have shown that at least one 

molecule of carbon monoxide is produced per chain scission. The work cited in Reference (IV- 6 ) 
provides encouragement to the concept that degradation of polymeric matenals does produce 
detectable quantities of volatile products. In order to apply MS/GC to the detection of these 
volatile materials, specimen solar cells would have to be exposed to typical ambient temperatures 
and radiation in closed chambers. A constant flow of air or other gas would be maintained to 
sweep the volatile materials into the inlet of a MS/GC apparatus, either directly or after concen- 
tration by cold traps. 


Sensitivity and Precision 

Most modem MS/GC systems should be able to generate routinely good-quality spectra 
from 10 to 100 nanograms (ng) of matenal. State-of-the-art instmments are able to generate 
complete mass spectra on considerably smaller quantities (about 0.1 ng). In the selected ion 
momtoring mode, a MS/GC system should be capable of detecting subnanogram quantities of 
most volatile compounds. 

Selected ion monitoring has been used to obtain ^antitative analyses of biologically im- 
portant compounds at concentrations below 1 ng/m.(^^"^) However, this sensitivity is not rou- 
tinely obtained. Routinely, quantitative results can be expected down to about 10 ng/mL^^'^) 
Precision information has not been found and will have to be developed. The MS/GC com- 
bmation looks promising enough to tentatively consider as a candidate test method for degrada- 
tion studies. 


Available Instrumentation 

At present there exists a large variety of mass spectrometers, gas chromatographs, com- 
puters, and ancillary equipment. If MS/GC is eventually selected as a techmque for momtoring 
solar-cell degradation, specific systems optimized for such monitoring can be assembled from 
commercially available components. Some typical systems that have been assembled are described 
below. All of the gas chromatographs that can be used on these systems are designed to use 
either conventional packed GC columns or high-performance glass capillary GC columns. 


MS/GC Systems. The Finnigan Model 4000 gas chromatograph/dual electron impact (El) 
and chemical ionization (Cl) mass spectrometer system is capable of high sensitivity in either 
mode of ionization over a mass range of 1 to 1000 Daltons. The Model 4000 MS/GC is coupled 
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to a Finnigan/Incos Model 2300 data system which includes a 32K memory Nova 3 computer, 
a high-speed Versatec 800-A electrostatic pnnter plotter, a 9-track magnetic tape system, and a 
Tektronix 4010 graphic display termmal. 

The Finnigan Model 3200-E MS/GC system is used for Cl mass spectral analyses. It is 
coupled to a Finmgan Model 9500 biomedical-type gas chromatograph. Control of the mass scan 
and data processmg is handled by a System Industnes Model 150 data system, consistmg of a 
Digital Equipment Corporation (DEC) 16K PDP8M computer with EAE, a Diablo single-platter 
disk drive, a Tektronix 4010 graphic display termmal, and a Houston digital plotter. 

One of the Finnigan Model 3200-F MS/GC systems has ion sources for either Cl or El 
lomzation. It is also coupled to a Fmmgan Model 9500 gas chromatograph and a System Indus- 
tnes Model 150 data system. 


High-Resolution Mass Spectrometry. A typical high-resolution instrument is the A.E.I. MS-9 
double focusmg mass spectrometer, which can be updated so that it meets most of the specifica- 
tions of the newer MS-902 Model, It has a demonstrated resolution capabihty of over 30,000 
(M/AM, 10 percent valley definition), although most high-resolution spectra are obtained at an 
effective resolvmg power of about 15,000. The MS-9 is coupled to a digital data system which 
permits on-lme digital recording of high-resolution mass spectra at scans as fast as 10 seconds 
per mass decade. The system includes a 125-kHz analog-to-digital converter, peak detection and 
threshold logic, a digital tape recorder, and digital control logic necessary to provide data output 
m the form of gapped, computer-compatible digital magnetic tape records. Fmal computer pro- 
cessmg is done on a large central computer. The instrument time and total man-hours required 
to obtain computer pnntouts of complete high-resolution mass spectra are very httle more than 
those required to obtain a normal oscillographic recording of low-resolution mass spectra. Utiliza- 
tion of a large, high-speed computer for final data processing results m maximum versatility in 
the type and complexity of data processing obtainable. 


8 Surface Energy Analysis 


Wettability measurements combmed with proper mathematical analysis of the data provide 
an excellent means of determinmg the cleanliness and bondability of surfaces which are to be 
adhesively bonded. A good example of the usefulness of the method is seen in some recent work 
by D H Kaelble.(I^"9) In this investigation the degradation with time of cleaned aluminum 
alloy surfaces was followed under various controlled relative humidities. The specific measure- 
ments made were determination of contact angles of several liquids havmg various surface tensions 
and polar-nonpolar properties. In the analysis it is assumed that the vanous interfacial energies 
can be represented as the sum of a component due to polar forces and a component due to 
dispersion forces. The quantity of interest the surface free energy of a solid in contact with 
a vapor phase (in this case, air plus water vapor), is not directly measurable. However, it can be 
determined by means of a procedure descnbed by Kaelble m the cited publication and other 
publications. The analysis is summarized below 

For a drop of liquid in contact with a solid, the following equations are valid: 
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= (1 + cos 0) 


Wa 

Wg = 2[o!j^as 

Tlv = 7lv + *r[v = “i + 

7sv “ “^SV "^sv ~ ^ 

Wa/20!L = O^s ■*■ ^s(/^l/“l) ’ 

where Wg is the work of adhesion, 6 is the contact angle, T^sv the interfacial energies 

for the hquid-vapor and solid-vapor interfaces, and 0 !l(s)j |3l(s) the square roots of the disper- 
sion and polar contnbutions to the respective interfacial energies of the liquid-vapor and the 
sohd-vapor interfaces. 

In practice, 7^v '^LV known, d is measured, and is calculated from the first 
equation above. (Xl and obtained from the square roots of 7 ^y and 7 ^y respectively, and 

a plot of (^l/“l) versus ^j2(Xi^ is made. This plot usually gives a straight line of slope /3g and 

intercept a^. 

Kaelble’s work on aluminum alloys was successful in showing that surface energy analysis is 
applicable to detailed studies of metal surface degradation. Decreases with time were observed for 
the polar components of 7 gy and a strong dependence on relative humidity of the charactenstic 
degradation time was found. 

Because of its demonstrated utihty m following the degradation of surface energy and, con- 
sequently, bondabihty of solid surfaces, surface energy analysis should be very useful in the 
fabncation of solar modules in that it provides a method for insurmg proper bonding between 
the various components of the modules. However, the usefulness of surface energy analysis in 
studying failure modes and degradation rates of solar modules remains to be demonstrated. The 
technique can be used to detect changes m surface conditions on the outer face of the modules. 

If the detected changes can be shown to be related to one or more failure modes of the cells, 
then the technique is applicable. The fluids used to measure interfacial energies must not mter- 
act chemically with the sohd under study if the equations cited above are to be vahd. Much 
further research is needed to clarify these points Furthermore, information on precision, ac- 
curacy, sensitivity, etc., is not available and would have to be evaluated. 

It is recommended that this test be tentatively considered as a candidate test and be studied 
further. 


9. Summary — Chemical Measurement Techniques 


• Of the recommended instruments, aU but chemilummescence and surface energy 
analysis are suitable in their present state of development. Chemiluminescence is 
adequately charactenzed only if the exact degradation kmetics are known. When 
they are not known, the data are treated empirically by cahbration against another 
test method of knov/n reliability. 
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• FTIR (including ATR) is one of the most powerful tools for studying degradative 
changes in polymers at their earliest stages. 

• ESCA and AES will probably find their major application in destructive tear-down 
analyses 

• GPC and the MS/GC combination are also powerful techniques for investigating 
degradative changes due to cham scission, etc. 

o More mformation is needed on precision for all of the recommended tests, mclud- 
ing interlaboratory precision, day-to-day precision, and interoperator precision. 
Further, a sensitivity analysis such as that developed by Mandel(^^‘10) should be 
run for comparison of ESCA and FTIR-for measurmg carbonylization of polymers 
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C. ELECTRICAL MEASUREMENT TECHNIQUES SELECTED 


1 . Background 


The electrical measurement category includes; (T) measurement techniques which involve 
monitoring the electrical output or characteristics (Isc, Vqc, Pmax> 6tc.) of the photovoltaic cell/ 
module/array; (2) techmques which measure the electrical properties (carrier transport and polari- 
zation related phenomena) of the mdividual module/array constituents (i.e., other than cells), and 
(3) techniques which involve momtoring the electrical characteristics of special active or passive 
devices which, because of their sensitivity to degradation processes or products (e.g., ions), might 
be usefully incorporated into the module/array structure as detectors. 

Electrical measurements are in principle applicable to the detection and diagnosis of environ- 
mentally related property changes m the majonty of the constituents of the photovoltaic array, 
although their sensitivity may not be as high as alternative techmques m some cases. Hi^- 
sensitivity measurements of the current-voltage (I-V) characteristics of environmentally stressed 
modules could reveal degradative changes m those components of the system which can affect the 
input of solar energy to the cells by reflection and/or absorption of the incident radiation (i.e., 
cover sheet, pottants, adhesives, other protective and optical control coatings) and in those which 
can affect the extraction of power from the module due to senes resistance and shunting effects. 
However, in many cases, these measurements would not detect changes which mi^t be early 
precursors to failure. Discrimination among several possible degradation modes which mi^t affect 
a given module property (e.g., optical transmission) will, m general, not be possible from measure- . 
ments of the I-V characteristics alone. Combmations of several measurement techniques will most 
likely be required for this type of assessment. Correlation of I-V characteristic changes with 
“first cause” molecular or atomic level changes is also unlikely without the assistance of other 
measurement techniques. 


A key focus in the evaluation of all of the measurement techniques has been the need to 
identify techniques which can detect and quantify property changes in matenals which are related 
to but precede obvious degradation or failure in the performance of the module. Direct measure- 
ment of the electrical properties of individual module constituents (e.g., cover sheets, pottants, 
mterconnects) could lead to early identification and characterization of changes which are pre- 
cursors to failure in these materials. These measurements may, however, require special arrange- 
ments (e.g., embedded electrodes), specially designed equipment, or destruction of the module. 
Here also, the imtial identification of specific molecular- or atomic-level changes which are the 
cause for the measured changes in electrical properties will, in general, require supplemental mea- 
surements by other techmques which are more specific to the unique and distinctive properties of 
such species. 

In summary, the property changes (either degradative or “degradation related”) for which 
electrical measurement techniques offer significant potential for detection and quantification are: 

• Changes in optical transmission (solar spectrum) of components in the light path 
between the cell and the incident radiation 

• Changes m the types and densities of polar species in dielectric components 

• Presence and changes in density of ionic species in dielectnc components- 

• Corrosive attack of contacts, connections, and mterconnects 
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• Structural changes which affect carrier (i.e., electrons and holes) drift and diffusion m 
materials with measurable conductivities 

• Changes m the glass transition temperature (Tg) of polymeries (This m turn can be 
related to more fundamental molecular-level changes. A detailed discussion of the re- 
lation appears in the thermal and mechanical techniques portion of this section of 
the report.) 

• Degradative changes in the cell itself (This is felt to be an unlikely occurrence ) 

The specific electncal measurement techniques that are recommended as a result of this study 
and which are applicable either immediately or potentially to the measurement of the types of 
changes described above are 

• Cell/module/array current-voltage characteristic measurements including dark and 
illuminated, forward and reverse, spectral response, and attendant analyses of key 
parameters 

• Measurement of electrical noise assoaated with current crowding and carrier 
trapping effects 

• Dielectric property measurements mcluding determinations of dielectnc constants 
and dielectnc loss factors and their temperature and frequency dependence 

• Electrical conductance measurements including surface and bulk conductance, 
thermal dependence, and photoconductance 

• The use of specially incorporated passive and/or active electrical devices as selective 
and sensitive detectors. 


These techniques and their immediate or potential areas of appheabdity are described in this 
section. Inelastic tunnehng spectroscopy (lETS) was also investigated as a candidate electncal 
techmque; however, its application to studies of degradation in photovoltaic-module components 
poses significant difficulties and it is not felt to be a strong candidate at this stage. A descrip- 
tion of this technique mcluding its prmciples and limitations for the present application is given 
m Section VIII. 


2. Current-Voltage (I-V) Characteristics of Cells/Modules 


Device and array I-V characteristics are the most commonly measured parameters in assessmg 
tlie performance of photovoltaic devices and diagnosmg the causes of degradation/failure. Virtually 
all photovoltaic mstallations and all laboratones investigatmg photovoltaic devices and modules 
incorporate some type of capability for making this most basic measurement. The technique is 
familiar enough to personnel working in the photovoltaic area to justify a relatively cursory 
description of the basic equipment. 

The basic components of an I-V charactenstic measurement installation are an illumination 
source, a variable load for the photovoltaic device, a “current sensing” resistor, and some means 
of reading and recording the measurement. A schematic of a relatively simple form of such a 
setup is presented in Figure IV-8. 
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FIGURE IV-8. SCHEMATIC OF SIMPLIFIED SETUP FOR MEASURING CURRENT- 
VOLTAGE (I-V) CHARACTERISTICS 


Light Sources 

Light sources which are commonly used for these measurements include tungsten halide lamps 
(either in conjunction with a water filter or directly incorporatmg a dichroic filter to allow 
elimination of unwanted infrared portions of the lamp spectrum), steady-state xenon arc lamps, 
pulsed xenon lamps and direct sunlight. Carbon arc sources generally contain too much ultra- 
violet radiation for this application although this radiation can in principle be controlled by 
filtering. In general, xenon illumination sources, with proper filtering, provide a better match 
to the actual solar spectrum than other types. They are also the most readily adaptable to uni- 
form large-area illumination (up to 5.5-m-diameter circle for pulsed xenon arc sources)(IV-l 1)^ 
but are the most expensive. Direct sunhght is obviously the most desirable illumination source; 
however, lack of control of temporal availabihty, mtensity variations, and, to some extent, 
spectral-content variations (which may be important m- degradation studies) dictate the use of 
simulation sources supplemented with direct solar calibrations for many analytical applications. 

The light source controls the short-circuit current of the photovoltaic cell. (Strictly speak- 
ing, it controls the hght-generated current, however, the two are essentially synonymous except 
in cases of extreme internal power dissipation.) Since the short-circuit current (Isc) is the most 
critical parameter to be established in accurate and precise solar-cell-performance measurements, 
the charactenstics of the hght source are critical factors in determimng the limits of precision and 
accuracy that can be expected in such measurements. The temporal and spatial vanations of the 
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light source, including intensity and spectral (temporal only) variations are the principal factors 
limitng the precision, accuracy, and repeatability of contemporary illummated I-V charactenstic 
measurements. 

Spatial umformity of beam mtensity varies with the optical system used, with the manu- 
facturer, and with the test plane area. A typical tolerance figure for a good-quality, large-area, 
xenon-arc illumination system is of the order of ±2 to ±3 percent. Poorer quahty equipment 
yields tolerances of ±5 to ±10 percent even for considerably smaller illumination areas. Quoted 
values for beam power stability are generally in the range ±1 percent for periods of 100 mdli- 
seconds to 24 hours. This figure degrades as the tube ages and can approach ±3 percent as the 
tube nears the end of its useful life. 

Data on spectral vanabdity and spectral stabihty of illumination sources are much more diffi- 
cult to find. Data on lamp-to-lamp spectral variability for the tungsten halide, dichroic, filter- 
type lamps are not available, although a manufacturer noted that lamp intensity variations of up 
to 30 percent for the UV and visible portions of the output are known to occur. The situation is 
equally obscure for the vanability of xenon lamps as fabncated, althou^ here one manufacturer 
of xenon-arc solar simulators gave an estimate (no hard data) of ±10 percent per spectral interval. 
Variations m spectral energy distnbution with age are not well documented for either type of 
lamp; however, m this case there is general agreement among users and manufacturers both on the 
type of trend one might expect and the qualitative magnitude of the trend over the life of the 
lamp. 

The tungsten halide lamps tend to degrade by two somewhat compensating mechanisms: 

(1) localized changes in the filament that manifest as senes resistance increases and that result in 
increases in the color temperature at one or more points on the filament and (2) changes in the 
resistance of the lamp base which tend to shift the lamp spectrum toward the longer wavelengths. 
These changes are projected to occur near the very end of the lamp’s life and significant changes 
in the spectral energy distnbution of these lamps are not projected during any maj'or portion of 
their operational lifetime. This projection is m agreement with a NASA LeRG-study(IV-12) on 
the time variation of the output of one such lamp. 

The pnmary changes which accompany the agmg of xenon-arc lamps are the deposition of 
tungsten on the envelope of- the tube and changes in the operational conditions of the lamp 
associated with increasing arc gap and, m some cases, internal pressure changes. The latter two 
are generally felt to be less important than the former. These changes are projected to have an 
impact on the shorter wavelength portion of the lamp spectrum, and the net effect over the life- 
time of these lamps is, in general, felt to be small. Quantitative data to support this contention 
have not been found. 

One of the primary reasons for the past lack of serious concern over the spectral vanability 
of solar simulators m the photovoltaic field is that the use of standard cells -mth spectral re- 
sponse characteristics reasonably well matched to the devices being tested to calibrate the 
intensity of the source negates the impact of spectral differences on the measurement. This 
argument is soundly based for normal de-vices; however, for de-vices or modules undergomg de- 
gradation modes which result in shifts in the spectral response, the degree of match with standard 
cell spectral response may not be adequate. A significant alteration of performance due to de- 
gradation would still probably be detectable under such conditions, however, the quantitative 
mterpretation of the effects of the change as related to some reference set of conditions (e.g , 

AM 2) would be questionable. Similar questions could arise in attempts to relate degradative 
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changes to commonly based reference conditions when the illumination source is natural sunlight, 
since significant variations in spectral distribution can arise here also (although sunlight measure- 
ments are generally made under the best of conditions, i.e., clear days, sun near zenith). 

The major conclusion from the above observations is that spectral response measurements 
will play a key role in studies on devices and modules involved m aging and degradation studies. 
This point is addressed agam in the discussion oflight-generated current measurements later m 
this section. If illuminated (solar spectrum) I-V characteristics are to play a significant role in 
the quantitative assessment of aging and degradation effects having an impact on the optical prop- 
erties of key transmissive components, more attention wdl have to be focused on the periodic 
charactenzation of the spectral energy distnbution of the illumination source. 

Solar simulators incorporating an illumination source, filters, and other necessary optical 
components are commercially available from Spectrolab, Inc., Sylmar, California; Oriel Corporation 
of America, Stamford, Connecticut; and Schoeffel Instrument Corporation of Westwood, New 
Jersey; costs range from about $3,000 up to $50,000 or more, depending on size, optical 
accessories, etc. ' 

I 


I-V Characteristic Measurement Equipment 

Several degrees of sophistication are available in constructing I-V characteristic measurement 
mstallations The most basic loading scheme uses a bank of fixed-value load resistors which are 
mserted one at a time or in successive appropriate combinations to obtain discrete point I-V plots. 
The most sophisticated installations incorporate a computer-controlled power supply with auto- 
matic data acquisition and analysis by the computer. Between these extremes are vanous versions 
of manually and automatically controlled variable power supplies with readouts ranging from 
meters with hand recordmg of data through high-quality X-Y plotters and thermal recorders. 
Detailed descriptions of such installations and the precautions necessary to insure accurate data 
(e.g., control and recording of temperature, four-wire connections, and mmimizing lead lengths) 
are contamed m publications and reports by a number of investigators and thus will not be 
elaborated on here. The reports of the NASA Lewis Research Center Solar Energy Group are 
good sources of information in this area.(IV-13, IV-14) jf reasonable care is exercised in the 
design and construction of the measurement system, then high degrees of sensitivity, precision, 
and accuracy are, in principle, achievable. The measurement system will not, m general, be the 
limiting factor for precision, accuracy, etc., in illuminated I-V charactenstic measurements. 
Measurement-system (i.e., exclusive of light source effects) accuracies of the order of a few 
tenths of a percent or better should be achievable m practice for this type of measurement. 

For dark I-V characteristic studies, banks of high-accuracy, high-stability resistors coupled 
with a good constant voltage source will generally provide the highest accuracy and repeatability. 
Usmg current specifications for high-quality voltmeters and special-order resistors, calculated 
accuracies of the order of hundredths of a percent can be determmed for these measurements. 

In practice, various noise sources may preclude the realization of accuracies of this order, par- 
ticularly at the lower current levels. 


I-V Characteristic Diagnosis 

Environmentally mduced changes which degrade the performance of the encapsulated cell/ 
module will manifest themselves in three primary areas 
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• Reduced light-generated current 

• Increased senes resistance 

• Reduced shunt resistance 

Analytical studies of measured I-V characteristics can provide quantitative information on changes 
associated with these three degradation modes Figure IV-9* provides a qualitative indication of 
the effects of relatively large changes m series and shunt resistances on the forward and reverse 
characteristics of solar cells Deviations from the ideal characteristic which could anse from poor 
cell fabrication are also illustrated. Analysis of dark and illummated forward charactenstics can pro- 
vide valuable mformation on quality-control problems of this type. I-V charactenstic measurement 
and diagnostic techniques which can be used in developing quantitative assessments of each of the 
above degradation modes are discussed below. 
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FIGURE IV-9. SOLAR CELL I-V CHARACTERISTICS - EFFECTS 
OF UNDESIRABLE FACTORS 


Reduced Light-Generated Current. The light-generated current (II) is a measure of the light 
which reaches and is absorbed in the photovoltaic cell. Reductions in the light-generated cur- 
rent can be related to degradation-associated transmission losses (due to reflection and absorp- 
tion) in the components of the module between the cell and the mcident photons. (It is 

*Adapted from Reference (IV-13) 
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assumed that degradation of intrinsic cell factors, e.g., minonty-cariier lifetime, will not occur.) 
Light-generated current is normally determmed by measunng the output current of the illumi- 
nated ceil near the zero bias (short circuit) condition. When extremely high series resistance is 
present it may be necessary to reverse bias the cell m order to obtain the light-generated current. 
Under natural or simulated sunlight illumination, the light-generated current reflects the total 
integrated contribution over the entire spectrum of the illummation source. In aging studies 
involving the degradation of the optically critical components of the module, it will be necessary 
to make comparative measurements and assessments on encapsulated devices whose spectral char- 
acteristics (i.e., spectral response) may be changing with time and may ultimately vary significantly 
from those of the standard cells used in calibrating hght sources. Further, it will be necessary in 
these studies to compare measurements which are widely separated in time. Meaningful assess- 
ments and comparisons under these conditions will require that either (1) the spectral match 
between the illummation source (“natural” or simulated sunli^t) and the reference solar illumi- 
nation conditions (e.g., AMI or AM2) is close and can be demonstrated not to vary significantly 
with time (e.g., due to light-source agmg or replacement) or (2) the spectral characteristics of 
both the test device and the illumination source be fuUy characterized m conjunction with each 
measurement. As is pomted out in the discussion of light sources for solar simulation earlier in 
this section, there appears to be a significant lack of hard data on the spectral stability and 
variability of present-day lUummation sources. It is clear that significant spectral variations, un- 
less identified and characterized, could confound the interpretation of hfe-testmg data. Addi- 
tional soimdly based information on this aspect of performance testing is needed to assess the 
requirement (for the purposes of degradation studies) for periodic measurement of the spectral 
charactenstics of h^t sources. It is also clear that measurements of the spectral response of 
modules whose optical properties are degrading will be essential in any quantitative assessment of 
the degradation and m the interpretation of its effects under various reference or actual opera- 
tional conditions. For example, the comparison of measurements made under differing illumina- 
tion conditions (i.e., “natural” or simidated sunlight) by transformation to reference conditions 
(e.g., AMI) requires a knowledge of the spectral response of the module and the characteristic 
spectral distnbutions of the various illumination conditions. Spectral-response measurements 
should be made a routine part of testmg m degradation studies unless it is known that optical 
properties of key components will not be affected by degradation or unless the spectral impact 
of the degradation is already well characterized. 

Spectral-response measurements are measurements of the light-generated current of the 
device as a fimction of the wavelength of illumination. The two commonly used iUummation 
sources in these measurements are monochromators and narrow-band-pass filters m conjunction 
with conventional light sources. These types of setups and variations using white-li^t bias and 
chopped-light sources are descnbed in Reference (IV-1 1). Monochromators provide continuous 
coverage of the spectrum but are limited m intensity, beam size, and umformity. The use of the 
band-pass-filter approach overcomes these limitations but sacnfices the contmuous scanmng 
feature. Absolute accuracy in spectral response is a substantial problem.(IV-ll) Peak accuracies 
are projected as bemg no better than ±5 percent at present, with errors of ±20 percent bemg not 
unusual in practice. This is highly important in degradation studies, where it may be necessary 
to measure changes of the order of tenths of a percent ivith high precision. In view of the im- 
portance of spectral-response measurements m evaluating optical degradation, as cited above, 
efforts to improve spectral-response measurement techniques or to develop more smtable tech- 
niques seem warranted. One concept which might prove suitable is the development of a spectral- 
response measurement system usmg the Founer transform interferometric principle presently em- 
ployed in FTIR studies (see discussion on chemical techmques m Section IV-B). The potential 
advantages in sensitivity, resolution, etc., of the Founer transform spectral-response (FTSR) 
technique need to be evaluated. 
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Increased Series Resistance. Increases m senes resistance will degrade module performance 
through increased mtemal dissipation of power. Increases in series resistance can result from cor- 
rosive attack of contact metallization and electncal mterconnects or from stress-induced work 
hardening and fracture of connections and interconnects. In pnnciple, then, the analysis of the 
I-V characteristics to determine senes resistance can be a means of quantitatively evaluating 
degradative changes in these components due to corrosion or stress 

There are four basic techniques which are generally used to determine the series resistance 
from I-V characteristics. The most widely used technique at present is the method published by 
Wolf and Rauschenbach(IV-15)^ which is based on the fact that under two levels of illummation 
any difference in the voltage across the load, under conditions of constant diode current, must be 
due to differences in the voltage drop across the senes resistance associated with differences in the 
magnitude of the load currents. Another commonly used and somewhat simpler technique is to 
measure the slope of the forward charactenstic. Assuming the lumped constant model as de- 
scribed m Section II of tliis report, the I-V characteristic is given as 

The second denvative can be obtained as 

d^I _ x\R,l,eKV Rs) 

Settmg this equal to zero, the slope extremum corresponding to the higher voltage portion of the 
forward charactenstic is obtained as 



^sh 


dl _ 1 

dv - R3 

As long as the determination is made on the linear portion of the forward charactenstic the 
voltage region chosen for the slope determination is not cntical. 

A third, and probably the most accurate, technique is to determine the short-circuit current 
(Isq) and open-circmt voltage (Vqc) for a range of intensities and to plot these pairs as individual 
points on an I-V curve. This gives a characteristic which is free of the effects of senes resistance 
(agam assummg II = Isc)^ This characteristic may then be compared with either the dark forward 
or the normalized (by subtractmg II) light forward charactenstic to determine the senes 
resistance. 

The fourth approach is the use of computerized curve-fitting techmques to determme 
parametric values which will result m a match of the measured I-V data to theoretical diode 
curves. This method permits accurate determmation of reverse saturation currents and 
junction factors (Aj), as well as series and shunt resistances in cases where the theoretical relation- 
ship fits the experimental data. However, difficulties can be encountered when multiple effects 
of approximately equal magnitude are superimposed. The ultimate accuracy and precision of this 
method for aging studies needs to be evaluated through comparison with the results of other 
methods. 
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It IS not clear whether or not any of the described techniques for determining series resistance 
will provide adequate sensitivity, accuracy, and precision to allow detection of corrosion or stress- 
induced changes m their earhest stages, although advanced stages should be clearly identifiable. 
Since long-term stability of light sources is not a factor in these determinations, the principal 
hmitations should be those associated with the measurement mstrumentation. Measurement errors 
can, in principle, be reduced to tenths or possibly hundredths of a percent as discussed above. 

The practical problems of makmg series resistance measurements that meet the demanding re- 
quirements of photovoltaic module aging tests have yet to be addressed. It is apparent however 
that more care and attention to detail than has previously been exercised m such measurements 
. will be required for this application. 


Reduced Shunt Resistance. Shuntmg of the cells could result from changes in the con- 
ductivity of surrounding media due to mcreased ion concentrations, electncal breakdovra, or 
other factors affecting carrier transport properties. The determination of the shunt resistance of 
cells and modules from I-V charactenstics is usually made from the slope of the reverse char- 
acteristic at some fixed reverse bias point. For devices whose characteristics conform to the 
theoretical relation given above, the slope of the reverse characteristic approximates 

dl 1 
dV H- R,h * 

In practice, the reverse charactenstics of solar cells are often found to be “soft” and not in 
conformance with the ideal diode characteristic. This makes the absolute determination of shunt 
resistance by this method difficult, and the results of this type of measurement are generally 
interpreted as qualitative rather than quantitative mdicators of device merit. The computerized 
curve-fitting techmques cited above offer an alternative means of evaluating the shunt resistance, 
although deviations from the ideal diode characteristics will present equally formidable diffi- 
culties m this approach. 

While presently used analytical techniques are not adequate for absolute determmation of the 
shunt resistance, the possibility of quantitative assessments of changes m this parameter is not nec- 
essarily precluded. Comparison of mitial values, determined by the slope of the reverse bias char- 
acteristic, for example, with values measured after aging or environmental stress could provide a 
quantitative indication of the progress of degradative changes affecting this parameter. This pos- 
sibility needs to be evaluated. Direct measurement of the electrical properties of encapsulants 
could also provide a means for the early detection and characterization of changes leadmg to 
shuntmg effects. This technique is discussed later in this section. 


3. Electrical Noise 


Microscopic random fluctuations in the flow and density of electrons result in measurable 
“noise” currents in electrical components and devices. These noise currents anse from several 
sources, including thermal motion of the charge carriers (thermal or Johnson noise), the 
randomness associated with the transport of carriers across a barrier or discontinuity such as a 
diode junction (shot noise), and the trapping and emission of individual carriers in the bulk 
semiconductor (generation-recombination noise). The spectral density of the above types of 
noises is “white” (i.e., independent of frequency), although in some cases (e.g., generation- 
recombination noise) an upper limit cutoff frequency is observed. There is another type of 
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noise associated with the flow of current through components and devices. This noise is called 
current or 1 /f noise and has a power spectrum of the form 



AI^Af 

f 


where ijvj^ is the mean square noise current m the band width Af, I is the dc bias current, f is the 
frequency at which the measurement is made (or centered), and A is a proportionality factor. 
Current noise with a 1/f-type power spectrum has been observed to occur under a number of dif- 
ferent circumstances, including the flow of current through bulk semiconductor materialsC^^"^^), 
through film-type resistors^^^"^ and through defective contacts^^^"^ and in the presence of 
surface and edge currents in junction devices^^"^ 


Noise current spectra for a semiconductor(^^"20) ^ thick-film resistor are shown m Fig- 
ure IV-10. At the lower frequencies, the current noise is the dominant contribution. The presence 
of unusual conditions such as cracks and other defects in the bulk semiconductor matenal or 
defective contacts results in increases in the low-frequency noise above normal levels. The po- 
tential applicability of current noise measurements as a diagnostic tool for electronic device and 
component quality control and acceptance testing has received considerable attention m the 
1960’s and 1970’s and some limited use of the technique in this regard has resulted. The 
National Bureau of Standards has established a standard method (Method 308 of MIL-STD-202B) 
for measuring the noise charactenstics of resistors and there are two major manufacturers of 
equipment that is mtended for the measurement of electrical noise associated with current flow 
through electncal components and devices (the Quan-Tech Division of Scientific Atlanta, Inc., 
and Hewlett Packard). 




a. For Semiconductors b. For 5000-Ohm-Thick Film Resistor 


FIGURE IV-10. NOISE CURRENT SPECTRA 


An example of an instrumentation arrangement for measuring the noise frequency spectrum 
of a component or device is shown in Figure IV-1 1. In biasmg the component/device under test, 
it is essential that a low noise power supply be used. Lead acid batteries are commonly em- 
ployed for this purpose in laboratory noise-measurement systems. The basic measurement system 
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consists of a low-noise preamplifier coupled to a wave analyzer and an averagmg circuit with an 
appropriate meter for displaying the output. Standard noise sources are available from several 
manufacturers (e.g., Sylvania makes a Type 5722 noise diode) and provide a means of calibration 
for the system. 



HGURE IV-1 1. BLOCK DIAGRAM OF THE NOISE 
MEASUREMENT SYSTEM 

Measuring changes in the low frequency 1/f noise is a potentially sensitive means for the early 
detection and characterization of corrosive attack of the contact and interconnect metaUization. 
The techmque should be directly applicable to the detection of contact corrosion involving the 
mterface between the silicon surface and the contact metalhzation such as has been observed m 
the unprotected Ti-Ag contacts. The use of the techmque to evaluate the corrosion of mter- 
connects will probably require a more indirect approach because the sensitivity of the noise- 
measurement system is lower for low-impedance test samples. A possible approach m this case 
would be to incorporate thin-film resistive elements, using the interconnect metal as the resistive 
material, into the module strictly for the purpose of monitonng corrosive attack of the inter- 
connect material. 

Current noise has been found in many cases to be highly sensitive to defects m components 
and devices, with variations as great as several orders of raagmtude between normal and abnormal 
units bemg observed. However, attempts to gain some insight into the magnitude of the effect 
one might anticipate for the present application through discussions with equipment manufacturers 
and authorities in the field revealed no published or unpublished information on expenmental 
mvestigations of the quantitative correlation between changes m 1/f noise and progressive 
deterioration of device contacts. Opimons were uniformly positive concemmg the feasibility 
and potential of the concept; however, it was felt that experimental data to support (or refute) 
these judgments do not currently exist and tests would be required to establish ideal measure- 
ment conditions, sensitivity, etc., for this apphcation. 
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In summary, it is felt that the use of current noise measurements to detect and quantitatively 
track the progress of corrosive effects in photovoltaic devices is of sufficient potential to warrant 
further mvestigation. Commercially available composite noise measurement units are available 
at costs in the range S3 K to S15 K with quoted accuracies of the order of ±0.5 dB and precisions 
of ±1 dB (noise figure). These units are generally not suitable for the evaluative measurements re- 
quired here, and a custom-built system similar to that illustrated in Figure IV-1 1 would be more 
appropriate. Costs of custom-built systems can vary considerably, however, an adequate system 
could be established for approximately $10 K. 


4. Dielectrometry 


Dielectrometry has proven to be a useful tool for m-process monitoring of the degree of cure 
of polymenc materials.^^ ^^”22) Dielectrometry is also of potential interest in studies of 
polymenc degradation and its relation to the lifetime of photovoltaic arrays. In addition to being 
sensitive to several of the factors associated with degradation processes (e.g., absorbed H 20 , 10 ns, 
polar polymeric breakdown products), it is nondestructive and applicable to all dielectric materials. 

The major parameters of interest m dielectrometry are the dielectnc constant, e', and the 
dielectric loss tangent or dissipation, D, given by 

e' 

D = Tan 5 = — , 

€ 

where S is the dielectric loss angle and e" is the imaginary part of the complex dielectric constant 


The dielectnc constant is defined as the ratio of the permittivity of a dielectric material to the 
permittivity of free space. It is, then, a measure of the polanzability and, hence, of the presence 
of polar species m the material. The loss tangent is a measure of the energy dissipated m the 
material as a consequence of the attempt of dipoles, contained therein, to follow the vanations 
of an impressed ac electnc field. It is, then, sensitive to factors which determine the mobility of 
polar species, includmg the properties of the surrounding medium. Either of these parameters 
(e' and D) can, under proper conditions, provide a means for detecting and identifying specific 
polar groups which mi^t be present as a result of environmentally induced degradative changes, 
impurity absorption/diffusion, etc. The loss tangent is generally the more sensitive of the two. 
The dielectnc loss tangent is somewhat analogous to the loss tangent m dynamic-mechanical- 
property measurements and exhibits similar characteristics behavior (e.g., temperature dependence 
of peaks, sensitivity to glass transition temperatures, etc.) in many cases. 

A study of the sensitivity of the loss tangent to the presence of known quantities (deter- 
mined by IR analysis) of specific polar groups, includmg carbonyl groups, methyl groups, 
hydroxyl groups, and terminal vinyl groups m polyethylene (a nonpolar polymer) has recently 
been published. (^^”23) other studies demonstrating the basic applicability of the technique to 
structural mvestigations and degradation studies(^^"24) have also been published. Information 
that would permit a general assessment of the capabilities of the technique in. diagnosmg degrada- 
tion in matenals and structures associated with photovoltaic modules, particularly its sensitivity, 
accuracy, etc., for providing quantitative assessments of changes is not available.. However, the 
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potential is sufficiently apparent to warrant some consideration of an expenmental effort to 
develop some of this mformation. 

Techmques used in measuring dielectric constants and dielectric loss generally fall into one 
of two categones — null methods and resonant circuit methods. The various types of capacitance 
badges use null methods whereby the unknown in one arm of the bridge is balanced, out against 
impedance elements in other arms. The resolution of the balance arms and the sensitivity of the 
balance indicator are key factors m the accuracy of this technique. Null-type measurements are 
generally suitable for measurements in the frequency range of 0 to 10^ Hz. At higher frequencies, 
resonant circmt techniques are more suitable. In this technique the unknown is incorporated into 
a tunable microwave resonator which is then tuned through resonance. The loss is measured by 
the width of the resonance curve. An interestmg discussion of one approach to resonant circuit 
measurements of dielectnc properties of polymers appears m Reference (IV-25). 

The key variables m dielectnc spectroscopy studies are frequency (of the ac electric field) 
and specimen temperature. As the frequency is scanned from very low to higher frequencies, 
gradual steplike drops in the dielectric constant accompanied by peaks in the loss curve are 
observed at specific frequencies. These correspond to resonances of specific dipole species as 
they reach a point where maximum energy is absorbed from the field. At higher frequencies these 
species can no longer respond fast enough to follow the field and, hence, their contribution to the 
dielectric constant drops out. The presence of ions in a material can significantly alter the low- 
frequency loss characteristic. Varying the temperature while monitoring dielectric characteristics 
at a fixed frequency allows the identification of phase changes and crystal structure changes 
through their effects on molecular mobihty. These also will be manifested as mflection changes 
in the dielectric constant and loss curves. 

Systems for studying the dielectric properties of materials over the lower frequency regions 
are available commercially. Some of these units can be adapted for varying both frequency and 
temperature and they sell for SIO K to $20 K. Instrumental setups for resonant cavity-type 
measurements are generally custom built. In general, the sensitivities, accuracies, and precision 
that these instruments provide in measurmg dielectric parameters are difficult to ascertain, al- 
though accuracy figures of the order ±1 percent for loss tangent have been quoted. Testing to 
develop a reasonable data base in these areas is advisable. 


5. Electrical Conductivity/Resistivity 


As with dielectrometry, dc electrical-conductivity measurements have been used to monitor 
curing cycles in polymenc materials.(^^“ 26 ) volume conductivity of dielectnc materials is 
sensitive to the presence of mobile ionic species and moisture, and monitonng of this parameter 
could provide a sensitive means of detecting significant changes in these factors as precursors 
to corrosive degradation, electrical shunting effects, etc. The basic principles of conductivity 
(or resistivity) measurements are familiar enough to warrant no further elaboration. Detailed pro- 
cedures for measurements on high-resistivity dielectric materials such as glasses and polymers are 
available from published test standards and procedures.^^^'^^) Smce these materials can have 
extremely high volume resistivities, care must be exercised in electrode arrangements to allow 
distinguishing between surface and volume conductive effects. Four-point contactmg is recom- 
mended where feasible. 
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Sensitivities, costs, etc., of instruments for measunng electrical conductance measurements 
are discussed earlier in this section. Measurements m the higher resistivity ranges will sacnfice 
some of the quality (e.g., accuracy, precision) obtained at lov/er resistivities, and m some cases 
grounding and shielding requirements will increase. 

The conductivity of dielectncs can be highly sensitive to temperature so this parameter must 
be monitored and/or controlled dunng such measurements. The temperature dependence of the 
conductivity of dielectncs can also reveal sigmficant information about the conductive species 
present, their activation energies, etc.(^^“28) Glow-curve-type measurements, in which excited 
carriers frozen into trappmg levels associated with structural defects and discontinuities are 
gradually released by raising the temperature, thereby giving discrete peaks m the conductivity 
at characteristic temperatures, can also be used to derive mformation about the nature and density 
of microscopic defects.^^^"^^’ IV-29) This type of measurement could be useful in degradation 
diagnostic studies, although other available laboratory techniques might provide more direct and 
easily interpretable identifications. 

Simplicity and portability of instrumentation are major features of electncal-conductmty 
measurements. These characteristics allow consideration of its use for monitonng dielectric mate- 
rials in on-site situations. Metal electrode patterns and buned electrodes of appropriate geometries 
could be incorporated as integral parts of photovoltaic modules for field-test purposes. This could 
be an important role for electrical-conductivity measurements in array-lifetime studies. As a 
calibration step to allow proper interpretation of data obtained in the field, there is a need for 
some prehminary (or possibly parallel) measurements to establish baseline properties and sensitivi- 
ties to controlled impurities (e.g., specific types and quantities of ionic species) for materials 
which are being or will be used m photovoltaic modules. 


6. Special Detectors 


The incorporation of special detectors, test patterns, and test structures as integral parts of 
field-installed arrays is mentioned m several contexts m this session (e.g., imder optical techniques). 
There are several electrical devices of this type which might be usefully included in the module/ 
array design. Some of these are alluded to in the preceding sections (e.g., in the discussion of 
electncal noise measurements for corrosion detection). Other possibilities suggest themselves, and 
it is appropriate at this pomt to briefly mention the general concept of special electrical detectors 
and some specific candidates. 

> 

The incorporation of special patterns and devices has been used extensively m the electronics 
industry and has been discussed for use m process monitormg(I^“^®) in conjunction with the 
LSSA Project. The extension to degradation monitonng and lifetime-prediction studies is a logi- 
cal one. The basic concept is to incorporate, as an integral part of the fabncated array, devices 
which exhibit high sensitivity to anticipated degradation processes and products In the electrical 
measurements category, both active and passivfe electrical devices can be considered as candidates. 
The desired attributes of special detectors include* 

• Test devices should offer significant advantage- in sensitivity to degradative factors 
over conventional measurements (i.e., solar cell I-V charactenstics) 

• Incorporation of the device should not significantly affect module/array design or 
basehne performance (including localized operating temperature) 
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• The test device and ancillary connections should not, themselves, contnbute to the 
degradation or contamination of the module. 

• Test devices should be kept as simple as possible for maximum reliability. 

Devices and structures whose electrical resistance (as measured by current flow at a fixed bias) 
is markedly affected by degradation-related factors constitute the major class of potential special 
detectors in the electrical measurements category. A typical example of a simple device might 
consist of a thin film (to maximize sensitivity) of a metal or other conductive material which is 
subject to corrosive attack by suspected alien species. The rate of change of the resistance of the 
device will be proportional to the rate of corrosive attack and, hence, to the amount of the cor- 
rosive species present. Matenals sensitive to water or oxygen are obvious candidates. Others 
which might suggest themselves as chemical products resulting from degradation of specific 
encapsulant matenals are identified. Field-effect devices which are sensitive to the presence of 
ions at their surfaces offer another detector possibility, as does the incorporation of strategically 
located miniature strain gages. 

Many of these devices can provide high sensitivity by choosing proper geometries. The fact 
that, m the case of resistive devices for example, well-developed electrical measurement instru- 
ments (i.e., current and voltage meters) are used further ensures high sensitivity, precision, and 
accuracy (see earlier discussion of I-V measurements in this section). 


7. Summary — Electrical Measurement Techniques 


• Spectral-response measurements should be used m a key role to study devices and modules m- 
volved in aging and degradation investigations. 

• Periodic charactenzation of illumination source spectral characteristics will probably be required 
if illuminated I-V characteristics are to play a significant role in the quantitative assessment of 
degradation processes. 

• The quality (e.g., sensitivity, precision) of the information currently denved from the diagnosis 
of I-V charactenstics (e.g., series resistance) is not adequate for diagnostic studies of degrada- 
tion in devices or modules having lifetimes approaching the goals of the LSSA program. The 
potential for improvement to an adequate level needs to be examined. 

• Current (1/f) noise measurements offer a promismg means for studying contact and mter- 
connect corrosion. Expenmental evaluation wiU be required to establish their full capabilities 
and limitations. 

• Dielectric and electncal conductivity measurements, including the use of special electrical 
detectors, can be used to study degradation-related changes m materials used in photovoltaic 
module structures. 
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D, OPTICAL MEASUREMENT TECHNIQUES SELECTED 


i. Background 


This category includes principally those techniques which relate to what may be termed 
macroscopic optical properties of materials Those measurements specifically related to changes 
in the electronic properties of particular molecular groups are excluded. The latter group of 
methods, broadly classed as “spectroscopic”, is more appropriately classed with chemical tech- 
niques and is discussed in that subsection. A couple of examples should make the distmction 
clear. Measurement of the amount of light of a given wavelength reaching the solar-cell surface 
for a particular encapsulation falls in the present category, while measurement of the strength 
of a particular infrared line mdicatmg the presence of water vapor is a “chemical technique”. 

Use of light scattering to detect changes in polymer structure is “chemical”, its use to detect 
surface abrasion is discussed in the present section. Some arbitrary divisions have had to be 
made; the topics and phenomena discussed m this section are explicitly enumerated below 

The capabilities and limitations of these optical techniques for measurement of environ- 
mentally produced changes of the type of mterest here may perhaps be brought out by some 
elementary discussion of optical instruments in general. Fundamentally, there are only one or 
two broad categones of these optical instruments. An input beam (or set of beams) charac- 
terized by a particular wavelength, intensity, polarization state, and direction unpmges on some 
sample. Some or all of the same characteristics are measured on an output beam (or beams) 
reflected, transmitted, or scattered by the sample. If the input and output beams are reasonably 
coherent, their relative phase can also be determined, leadmg to the mterferometnc class of in- 
struments. In prmciple, with a sufficiently large set of measurements, rather complicated sample 
systems can be analyzed optically; that is, from our point of view, the important environmentally 
induced changes in optical properties of the matenals m the sample system can be detected and 
correctly differentiated. In practice, for systems of the complexity of those to be dealt with m 
this program, determining just what has happened in a particular experiment may be rather dif- 
ficult unless it is known from prior experience what the principal changes are likely to be For 
example, in any interferometnc experiment, anything occurring to cause a change m optical-path 
length anywhere in the system will cause a phase difference at the detector. Such a path-length 
change might be due to flow-mduced change in stram birefrmgence of a polymer, to delamma- 
tion, to a refractive-index change caused by a chemical reaction, or to thermal expansion. As 
another example, in a simple absorption measurement, a change in transmitted mtensity might 
result from a darkening of one or more components induced by UV exposure, from an mcrease 
in light scattering owmg to abrasion of the first surface*, or from a change in reflectivity caused 
by delanunation or possibly by a change in strain birefringence. The various contributing effects 
might be separated out by additional measurements. In the second example, UV-mduced yellow- 
mg would have a fairly characteristic spectral signature, hght scattermg could be momtored 
directly, and one could measure specularly reflected as well as transmitted light. But it is not 
desirable to make all of these measurements, and possibly more, m every test. Moreover, 
abrasion-induced scattering will affect the measured reflectivity, delamination m small spots 
will affect the measured scattering (so wiU absorption if it is large enough), and so forth This 
deconvolution problem is complicated by the paucity of baseline data which would help in 


*The “first surface” is defined as that which is ordinarily exposed to the atmosphere, and which is the first system interface 
encountered by the incident beam. 
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setting up optical experiments in the optimum way — for example, the geometry of delammation 
is not known, quantitative data on yellowmg are available only for very few polymers, and so on. 
Also, as repeatedly stressed m this report, it is desired to measure these changes at the lowest pos- 
sible levels as well as at levels where obvious cell deterioration occurs in order to make the most 
reliable possible life predictions and to indicate areas where preventive measures may be required. 
On the basis of these arguments, the following conclusions have been reached; these are stated 
here rather than at the end of this section because they have strongly influenced the subsequent 
discussion; 

• For cells or assembhes to be exposed to a variety of influences, such as by natural 
weathering, only the simplest optical measurements are likely to be useful. 

• There is a need for a test program aimed not only at evaluating instruments and 
measurement techmques, but also at providing some useful baseline data on com- 
ponents and interfaces that are presently deemed most likely to see service in solar 
photovoltaic arrays. Some of this latter information will be obtained as a natural 
part of the testing of instruments; however, a comprehensive program to provide 
needed information in this area is not within the scope of the present effort. 

As the reader may have gathered from the foregoing discussion, the primary focus is the ap- 
plication of optical techmques to the study of environmental deterioration of the transparent 
optical components of the array as prepared for practical use. The component materials con- 
sidered include 

• Glasses or plastics used as cover plates 

• Adhesives or pottants if m light path 

• Antireflection layers, wherever located 

• Interfaces, particularly those due to delamination 

• Other layers in the h^t path, used for protective or surface-property-enhancement 
purposes. 

Changes specifically not considered mclude changes in the optical properties of the cell itself, 
of metallizations, or of interconnects, except insofar as reflections from these materials might be 
used m investigating properties of the enumerated materials classes. Degradation of the cell itself 
IS not being addressed in this discussion of optical techniques, and changes in optical properties 
of the metallic constituents relatable to deterioration in their electrical properties are likely to be 
difficult to discern at low levels, particularly if the changes take place beneath the electrodes as is 
the case m some observations of corrosive attack of contact metallization, and because irregulanty 
of the surface will considerably complicate optical observations in the case of the mterconnects. 

In all probabihty, measurements will be required on complete cell and array assemblies, on sub- 
assemblies, principally two transparent layers bonded together; and on individual materials. 

First, optical tests on individual materials and, particularly, on simple subassemblies should be 
considered. Such tests would not only determine the potential of vanous techniques for measur- 
ing hfetime-related degradation, but also should be helpful in selecting materials and determining 
their mutual compatibilities. 
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There are a number of ways to discuss systematically the degradation-dependent properties 
of possible significance and optical methods to assess them. However, after some consideration, 
it seemed clearer to present the following short list of phenomena that might be studied optically, 
which mcludes both some specific types of degradation phenomena and some that might be more 
accurately described as “degradation related”. 

(a) Overall spectral transmission. It is of fundamental importance to know the inten- 
sity and spectral distribution of light reachmg the solar-cell surface in order to be 
able to ascertain what part of a change m cell or array output may be attnbuted 
to optical property changes and what part to other causes. Measurements at a 
few wavelengths might suffice. In view of the importance of such measurements, 
we believe that it is appropnate to emphasize them. It is well to recognize that 
provisions for making such measurements feasible may eventually have to be part 
of array design. 

(b) First-surface damage. Damage to the first surface may be a serious factor in 
degradation of output. It might result from abrasion by wind-driven particles, by 
chemical attack by atmospheric constituents — SO 2 for instance - or even from 
repeated washing.(I^"32) included m this category are “remediable” occlusion 
of the surface by dust, dirt, or gnme. 

(c) Delamination. This may be defined as the formation of voids at interfaces. It 
appears to be emerging as one of the principal degradation phenomena m the 
current generation of test arrays. The details and fundamental causes are still un- 
clear, but considered simply as a phenomenon, it is certainly one that can be 
studied optically. Within this category the production of bubbles or striae of any 
type, whether or not at mterfaces, can be included. 

(d) Discoloration The principal types of discoloration that may be encountered are 
UV-induced yellowing of polymers and photochromism m glasses. Observable 
yellowing of polymers upon long UV exposure appears(I^"33,34) to represent 
the “tail” of stronger absorption changes occurring at the shorter wavelengths 

It should be detectable well in advance of any obvious degradation effects simply 
by measuring the change in UV absorption. As described earlier, the photochromic 
changes of most importance in glasses involve light-induced valence changes of iron 
and manganese ions. Interactions between ions may also be important; for exam- 
ple, UV-induced oxidation of Mn^"^ to may promote reduction of nearby 
Fe^"*" 10 ns to Fe^"*". These 10 ns all have characteristic spectral signatures fairly 
mdependent of the glass composition, and m favorable' circumstances can be de- 
tected optically. As has been mentioned earlier, these determmations are of 
primary concern m quality control and acceptance testing. 

(e) Oxidation. Permeation of water vapor or other gases may induce chemical changes, 
for mstance, the formation of carbonyl bonds in polymers or additives. The ex- 
tent to which optical techniques of the type discussed m this section can detect 
such changes needs to be assessed. 

(f) Strain Changes in strain, and thus in birefnngence, are obviously likely to occur 
wherever interfaces occur, particularly m the presence of thermal cycling, clamp- 
mg, or gas permeation. The changes in stram of greatest interest for the present 


IV43 



program will be those — if they generally exist — that are precursors of delamina- 
tion. Distinguishing these from other sources of birefringence change promises to 
be a challenging task. 

The degradative mechamsms and phenomena of probable chief importance are believed to be 
included in the above list. Some changes in polymers that may take place through curmg 
processes — for mstance, change in average molecular weight or in degree of crystallinity — have 
not been explicitly discussed, but could be studied by the techniques descnbed below (and others) 
if necessary. Optical measurement methods selected for studying each of these six “degradation 
categories” are described below. 

Methods suitable for several of the categories are described where first appropriate and then 
referred back to. Only those methods selected as showing some promise are discussed here. 

Other methods which have received consideration are described, or at least listed, in Section VIII. 
Because of the lack of fully applicable data concerning degradation rates of materials of interest, 
simple calculations have frequently been used to estimate the levels at which various effects might 
be observed optically. While an attempt has been made to be reahstic about interpreting these, it 
should be borne in mind that such calculations tend to make things look easier to detect than 
they actually are. On the other hand, it is possible m some cases to discern by such methods 
the kinds of degradation for which optical techniques of the type discussed here are not 
satisfactory. 


2. Optical Methods for Measuring Overall 
Spectral Transmission 


The objectives of this measurement are (a) to determine changes in the light mtensity per 
unit spectral range reaching the solar-cell front surface and (b) to determme the change m ab- 
sorption coefficient with tune. The first measurement, an absolute measurement, is useful in de- 
termining at any given time what part of a change in cell output results from optical factors and 
what part from electncal factors. The absorption measurement, a relative measurement, is needed 
to predict the useful life of the cell and is essential in determming the true impact of the optical- 
property degradation on cell/module performance and for transformations to reference conditions 
(e.g., AMI or AM2) for comparative purposes. An effective absorption coefficient can be deter- 
mined by compaiing mtensity transmitted through the cover layers m a given spectral range with 
that from the same source without the cover layers. This will be an effective, rather than “true”, 
absorption coefficient since, intentionally, no corrections are to be made for reflection or scatter- 
mg. The absolute change in transmissivity to be detected (i.e., required sensitivity) will depend 
on the planned allowable degradation m optical quahty over the hfe of the cell, and thus on the 
entire system design; for this reason the design requirements for transmissivity-degradation mea- 
surement techniques are difficult to specify. It is not too early, thou^, to consider the problems 
involved, since they could be substantial. In some scenanos, as little as 10 percent overall 
degradation in optical throughput to the cell over a hfe of 20 years is required for system feasi- 
bihty. In such circumstances, it would be necessary, in accelerated life testing and ih field test- 
ing, to detect absolute changes in transmission of 1/2 percent, and preferably smaller, occumng 
over periods up to 1 year in order to meet the first objective, and relative measurements of 
about the same accuracy to meet the second. Particularly m view of the fact that the overall 
transmission will naturally be large by design, there is a difficult long-term precision problem to 
be solved — the transmission at 500 nm, say, is 90 percent today, while 1 year from now it may be 
89.5 percent. For short and long wavelengths, the precision necessary will not be as great, but 
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then neither will detector response unless very complicated and expensive multidetector measure- 
ments are resorted to. The most natural way to make the measurement is to use a white-light 
mput and to measure the spectral transmittance with a spectrophotometer*, since these instru- 
ments are widely available in designs well suited for field use. In the followmg, potential experi- 
mental setups are descnbed and then the charactenstics of the measuring systems are discussed 

All expenmen tal arrangements will start with the white-hght source and simple optics to 
produce a well-collimated beam normally incident on the first surface. To minimize difficult 
registration problems, the beam will have to be either small or large compared with the detector 
area, it will be taken as small, since that appears overall to be a somewhat better arrangement 
The simplest detection arrangement, alluded to above, involves putting a few holes through the 
array to the level of the sihcon front face, the transmitted light can then be measured with a 
fiber-optic probe imbedded m these holes. The setup is sketched in Figure IV-12a Instead of 
the fiber-optic probe, which may introduce orders of magmtude loss m sensitivity (^^'3 5 a 
telescope output might be used, as m Figure IV- 12b. Standard attachments for convertmg spec- 
trophotometers to telespectrophotometers, such as those manufactured by Gamma Scientific, 

Inc., or by EG & G, Inc., among others, would probably be suitable. Alternatively, a close-up 
lens might be used. Imbedding probes or telescopic attachments in the array might be avoided 
by measunng at the back of the array (Figure IV-12c) if the material near the back is known 
not to degrade much and if the array does not have an opaque backmg. Alternatively, a reflec- 
tive arrangement (Figure IV-12d) might be tried — a highly reflective layer could be incorporated 
in a cell, or perhaps the edge of the metallization could be used In all these arrangements, it 
should be noted that there are surfaces that must be protected from senous environmental dam- 
age over the life of the experiments — the base of the borehole, the reflector, and the collectmg 
optics surfaces. 

However, any of these arrangements requires, for absolute measurements of the type de- 
scribed above, a stability m the detectmg system which is at the least very difficult to come by. 
Quoted precision values are not nearly good enough — “±2 percent”, “±1 percent over 6 months”, 
“±0.3 percent over 1 month” are typical statements There are at least 30 U.S. sources for 
spectrophotometers, and it has not been possible to survey all of them**; moreover, many manu- 
facturers do not discuss long-term precision m their literature, The problems appear to lie largely 
in dnft of the electromcs and m bias to the detectors. Recalibration is not feasible smce the ac- 
curacy of absolute calibration is lower — typically 2 to 5 percent — owmg to the difficulty of 
obtaining standard light sources. Broad-band photometers/radiometers suffer from the same 
general precision problems as spectrophotometers, so there is no advantage to usmg such an 
mstrument with the wavelength selection at the input beam. As far as relative absorption mea- 
surements go, short-term precision of ±0. 1 percent or so is generally available, so a change m 
absorption coefficient big enough to be taken seriously should be readily determinable, however, 
gathermg several points as a function of time m order to make a reliable extrapolation would not 
be easy. 

Thus, there does not seem to be any way of makmg this a routine test, and to devise any 
kind of reliable test at all is gomg to require careful thought. Resorting to “identical” pairs of 
samples, one of each pair sheltered insofar as possible from environmental stresses and the other 
“weathered”, might be considered, but this clearly has its drawbacks Detector precision prob- 
lems should be borne in mind in the following sections whenever long-term measurements not 
of a null nature are discussed 

*More properly, a spectroradiometer, smce measurements beyond the visible range will be of interest 
**Among the manufacturers of research^iuality mstiuments are Optromc Laboratones, Inc , Silver Spnng, Maryland, EG&G, 
Boston, Massachusetts, International Li^t, Newbuxyport, Massachusetts, and Alphametncs, Ltd , Wmnipeg, Manitoba, Canada 
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FIGURE IV-12. SIMPLIFIED SKETCH OF ENCAPSULATED SOLAR CELL 
INDICATING WAYS INCIDENT LIGHT INTENSITY AT 
LEVEL OF CELL FRONT SURFACE MAY BE MEASURED 
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3. Optical Methods for Measuring First-Surface Damage 


As mentioned above, the principal mechanisms of first-surface degradation wdl be abrasion, 
chemical attack, and occlusion. The prmcipal optical effect of any of these mechamsms is an 
mcrease in scattered light, which suggests one obvious line of investigation. The principal optical 
methods of studying first-surface damage may be categorized as follows: 

• Direct optical observation — principally microscopy 

• Enhanced direct observation — enhanced by chemical enlargement or by decoration 
of defects 

• Scanning electron microscopy 

• Specular reflectivity, which will be reduced by the mcrease in scattering 

• Direct measurement of scattered light. 

Each of these is discussed below. 


Direct Optical Observation 

Strai^tforward observation of surface changes by conventional microscopy is both too 
broad and too famihar an area to warrant extensive discussion. Remarks on a few mstruments 
which might be particularly helpful follow. 

The first of these is a hand-held anamorphic* microscope(I^‘36) ^i^h its own light source 
(Figure IV-13). This instrument was developed for the rapid analysis of roughenmg of steel sur- 
faces prior to pamtmg, but should also work fairly well on glass or plastic. By the optical sec- 
tioning method (imagmg the oblique reflection of a slit), average roughness to a level of around 
15 Mm over an aperture of 7.5 mm may be estimated. Something of this sort, which can be 
held and operated with one hand, might be convenient for the rapid surveymg or samplmg of 
surface damage to arrays in situ. A microscope of this type is supposed to be m commercial 
production m England, but no mformation from the manufacturer has been received. 


Of the vanous types of phase and interference microscopes**, the most generally useful 
commercially available type is the Nomarski differential interference contrast microscope 
(Figure IV- 14). In this mstrument, the incident hght is passed throu^ a Wollaston pnsm, pro- 
ducing two perpendicularly polarized beams travelmg at a small angle to one another. After 
passmg through a condensing lens, these beams pass through or are reflected from the sample, 
go through the magnifymg optics, and pass through another Wollaston pnsm bringmg them to 
the same polarization so they may interfere. The result is an image closely approximatmg 
gradients in the optical path. For the case of reflection from a rough surface, these gradients 
just result from the different distances adjacent rays travel before reflection, and one obtai/is 
a sharp topographic picture of the surface with excellent depth of field. Besides being 


*That JS, one which magnifies piedonunantly m one dimension, for the mstrument described here, SOX vertical to lOX 
honzontal. 

**A descnption and comparison of vanous types of mterference microscopes is given by Claussen (rV-37) 
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FIGURE IV-13. SCHEMATICS OF LAYOUT OF AN ANAMORPHIC 
SURFACE-PROFILE MICROSCOPE 
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FIGURE IV-14. SCHEMATIC DUGRAM OF NOMARSKI DIFFERENTIAL 
PHASE INTERFERENCE MICROSCOPE FOR 
TRANSMISSIVE SAMPLE 


useful as a laboratory instrument for quaUtative assessment of the extent of damage, this type of 
microscope is useful for distmguishing different types of surface damage and for determining just 
what the effect on the surface has been. Binocular Nomarski microscopes with magnifications up 
to lOOOX are available from Carl Zeiss, Inc., for around $6000*, independent of recording or 
display cost. The instrument can also be used as a conventional bnght-field or dark-field 
microscope. 

Among the direct optical techmques, multiple beam mterferometry should be mentioned. 
With this technique, fairly abrupt surface topography features, such as steps, in the 30 to 50 A 
range may be observed and measured. To apply this technique, the surface to be mvestigated 
generally must be silvered to obtam good reflectivity. This of course requires care, is time con- 
suming, and must generally be considered destructive, and thus the techmque has not found 
wide popularity. 


♦Because of the modular character of most optical instruments, prices vary tremendously, dependaig on accessones chosen 
Prices given represent rough approxnnations or typical ranges. 
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Enhanced Optical Observation 


Since the object of optical examination of the specimen surfaces is to reveal defects at the 
lowest level possible, anything that will enhance the visibility of the defects will be welcome. 
Nondestructive methods are clearly preferable, but not absolutely necessary. The most obvious 
technique to try is etchmg; besides being destructive, this will be successful only m limited cir- 
cumstances, particularly on noncrystalline materials such as glass or plastic. An example m 
which etching is not particularly effective is afforded by the careful work of Tomandi^I^'^^), 
who studied sandblasted and etched glass by both light scattenng and SEM. Calculation of 
shapes of pits etched with HF from stereo-SEM pairs showed that these pits were shallow 
elhpsoidal depressions Upon further etching, these depressions appear just to gradually enlarge 
without change of shape, as the light-scattermg measurements show. On the other hand, such 
things as composition variations can cause changes in etching behavior and also be associated 
with mcipient defects, as shown by Lopez(I^‘39) for Si02 fihns on silicon. Much attention 
has been given to degradation of thin Si02 and other glassy films on sihcon because of their 
role m ensurmg the reliabihty of integrated circuits. In such films, “surface” defects extend, 
or often can be made to extend, entirely through the thm dimension. This provides the oppor- 
tunity for a number of specialized techniques for enhancing the observability of these defects, 
which have been reviewed by Kem and Comizzoh.(^^"^^) Among these, electrophoretic decora- 
tion of the defects with phosphor particles and electrostatic corona charging to selectively de- 
posit surface ions (“developed” by neutralization with charged carbon black particles from a 
dielectnc liquid) are attractive as essentially nondestructive methods. Cracks and pinholes m 
the micron range, and probably smaller, can be reliably detected by the latter method. These 
methods, however, are suitable only for thin films (up to a few microns thick) on conducting 
substrates, and are thus not likely to be generally useful in the present program. 


Scanning Electron Microscopy 

Under the most favorable circumstances, features as small as 2000 to 3000 A may barely 
be resolved usmg optical microscopy. To discern smaller features, scannmg electron microscopy 
(SEM) has become the method of choice, despite the high cost of the instrument (at least 
S60,000, and generally more for a research-grade system), because of its simplicity and versatil- 
ity. Only “conventional” SEM for study of surface topography is considered here, other uses 
being more chemical or electncal m nature. Present-day commercial instruments, when properly 
mamtained, have a lateral resolution m the range 50 to 100 A. Because these microscopes have 
great depth of field, resolution in depth is of the same order of magnitude, with a suitable “view- 
ing angle”. By the use of more than one viewmg angle, the detailed topography of pits, miero- 
cracks, and other surface features can be reconstructed to a high degree of accuracy, as men- 
tioned above. Scanning electron microscopes which can generate stereo photographs m real tune 
are now available. For SEM of dielectric materials, it is generally necessary to lightly metallize 
(with gold, usually) the surfaee to be studied in order to avoid chargmg it. While glass surfaces 
can be investigated to some extent without metalhzmg, although the signal-to-noise is very poor, 
plastics cannot be since the electron beam causes volatilization at the surface, with untoward 
consequences for, both the sample and the microscope. Metallization of the sample cannot really 
be considered a nondestructive techmque, smce the characteristics of the surface and thus its 
future degradation rates are likely to be altered by the film deposition and removal processes. 
Aside from perhaps making it possible to observe the progress of surface damage resultmg from 
weathering at an earlier stage than otherwise possible, the chief use of SEM is to provide the 
detailed information which can assist in developing an interpretation of the nature of the damage 
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process. SEM is not suitable for investigating defects in depth because of the charging problem 
and the energy straggling of the electron beam inside the solid material. 


Specular Reflectivity 

As stated above, the pnnciple of these measurements is simply that light which is scattered 
IS not specularly reflected, and the drop m reflectivity is generally large enough to measure This 
is particularly true of metallized surfaces — an rms surface roughness of only 28 A is sufficient to 
produce a 0.5 percent drop in reflection for light of wavelength 0.5 But even on 

glass the change can be readily observed — data of Howes(^^"42) indicate that only 30 g of SiC 
dropped 1 meter onto a microscope shde is sufficient to cause a 14 percent reduction in near- 
normal reflectivity at 0.633 jum. Howes’ abrasion-test procedure is similar to ASTM D968- 
5i(IV-43)^ but the powder-dropping apparatus dimensions differ, and, as mentioned, silicon car- 
bide is used rather than sand. Abrasion of other glasses and plastics could be measured in the 
same These results arouse hopes that effects of weathermg abrasion and chemical 

attack on the surface could be measured easily, though not completely characterized, by a sim- 
ple reflectivity measurement. A few simple measurements to venfy and extend these results 
seem called for. Heterodyne detection(^^“4^) to obtain a small viewmg angle seems hke a good 
idea. If the reflectivity changes prove to be fairly large in some cases, the technique might be 
adapted for m-situ measurements. A fiber-optic reflectometer would be useful for such mea- 
surements, such an mstrument, with accuracy better than 1 percent, is available from PBL 
Electro-optics Inc., West Newbury, Massachusetts, for about $800. 


Direct Measurement of Scattered Light 

The most obvious technique for this purpose can be earned out successfully by straight- 
forward bistatic reflectometryCl’^'38) or by a number of other techniques surveyed by 
Eastman(IV'41). In reflectometry, the surface is generally metallizedCl^"^^), both to mcrease 
the reflectance and to elimmate problems from scattermg from other interfaces and bulk 
materials in the system. This and the other methods generally requne very careful work and/or 
very specialized instruments m order to get reliable quantitative scattering data. Even given the 
data, relatmg it to the statistical surface roughness is a difficult task, as a review(IV'44) of the 
theoretical approaches that have been tried reveals. Overall, a combination of the other methods 
described seems more generally useful than direct scattering studies. Small-angle forward scatter- 
ing measurements are of special interest though, since hght scattering owmg to first-surface 
deterioration is hkely to complicate the study of light scattering due to other causes, such as 
delamination. It is possible that the first-surface scattermg might be studied under controlled 
conditions by use of the optical multichannel analyzer for detection, as desenbed in the follow- 
ing section, whether its effects can adequately be separated from other sources of scattering is 
another question. 

To summarize, simple specular reflectivity measurements may be satisfactory for observing 
the presence of first-surface deterioration at fairly low levels. Some simple experiments to venfy 
and quantify this should be performed. Optical and electron microscopy and light-scattering 
measurements on the same samples would provide more detailed mformation on the nature of 
the damage, which should improve the predictive capability of the technique. These other 
methods might also be generally useful m their own right for assessmg first-surface damage, how- 
ever, no particular research on them is needed at this tune. 
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4. Optical Methods for Detecting Delamination 


The seriousness of delamination as a failure mode has been already referred to several times. 
It IS not only of consequence in itself, but also as a precursor of other modes of degradation and 
failure, since delammation may open pathways for chemical attack, and delammation between 
the silicon and adjacent materials may lead to peeling of the metalhzation. 

From the optical standpoint, the simplest delammation model consists of replacmg a plane 
interface, between say Materials A and B (Figure IV-15a), with two interfaces separated by dis- 
tance d with "vacuum” between them (Figure IV-15b). Actually, separations of this sort virtually 
never occur, the usual situation bemg more like that in Figure IV-15c, i.e., with the break bemg 
entirely in one material or the other. Also, in its incipient stages the delamination may not occur 
umformly over a sizable area, but rather may take place at numerous small spots (Figure IV-15d). 
Still, the delammation model in Figure IV-15b will be adequate for estimating the separation d at 
which observation of the delamination can be made by various techmques. 

Since relatively little is known about the details of delamination failures, particularly m their 
early stages, m present-day arrays, the best course at present is to perform some simple calcula- 
tions to indicate the level at which delamination failures might be expected to be observable by 
various optical techmques — providing, as always, that concomitant effects do not overly inter- 
fere with the observation — and to suggest a limited experimental program for studying this 
failure mode under controlled conditions. In the following discussion, it is assumed for purposes 
of illustration that the delammation is between two transparent layers. However, most of the 
possible optical test methods described can be adapted without great difficulty to mvestigate 
delammation between a glass or plastic and silicon or a metal. 

The methods that have been examined for optical observation of delammation are 

• Specular reflectivity 

• Elhpsometry 

• Holographic interferometry 

• Light scattermg 

• Strain birefringence. 

Light scattering will obviously be useful only if the mitial delamination is m the form of numer- 
ous small voids or possibly if the delaminated surfaces are particularly rough. The procedure of 
the previous section is followed and each of these methods are discussed in turn below, except 
for the last, which is discussed under measurement methods for “stram”. It is appropnate to 
remark here, however, that it is possible that measurable and characteristic changes in bire- 
fringence may precede actual delamination, and thus provide a possibility for detecting delamma- 
tion before it even starts. The techmques descnbed in this section can aU also be more or less 
sensitive to birefnngence changes; whether this is a blessing or a curse remains to be seen. 
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a. Undelaminated Surface 


b. Idealistic Model 



c. More Realistic Situation 


d. Possible Incipient-Stage Situation 
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Specular Reflectivity 

From the standpomt of the reflectivity measurer, delamination is just another problem in 
the optics of multilayer films. An attempt has been made to estimate the level at which de- 
lamination might be noticeable in reflectivity measurements under favorable conditions by calcu- 
lating. a variety of cases using _an available computer program. Some typical results are shown m 
Figure IV- 16 In this calculation, an incident-medium refractive index of 1.543 and a substrate 
index of 1 538 were assumed, and the change in reflectivity for vanous angles of incidence and 
degrees of separation d was calculated. Results for the s-polarkation for 45-degree incidence are 
shown, the change being larger than for p-polarized hght- For the situation descnbed, the re- 
flectivity at the interface before delamination is very small, and one might be able to discern a 
slight delammation less than 100 A thick. In general though, it will be necessary to measure 
the change in a relatively strong reflection, and at least a 0.5 percent change in reflectivity during 
short-term experiments, and perhaps a 5 percent change in long-term studies, will be needed; m 
the former case, delamination would begm to be observable at about 200 A, and m the latter at 
400 or 500 A. While there is some advantage m sensitivity in going to a relatively large angle of 
mcidence, there may be disadvantages from greater difficulty m assessmg the importance of com- 
plicating effects, such as surface damage, nonplanarity, or birefrmgence changes, when two dif- 
ferent areas of the specimen under test are sampled by the light path. 

The advantages of straightforward reflectivity measurements of this type for the study of 
delamination are obviously 

• A relatively simple and inexpensive setup 

• The capabihty for determinmg where in the plane of the sample defects are located. 

The disadvantages include 

• Possible problems with reflection or scattering from the first surface reaching the 
detector 

• Sensitivity to first-surface detenoration 

• Necessity of scannmg point by pomt to find locahzed defects 

• Less sensitivity than some other methods 

• Difficulty in detennining between which two layers the delammation has occurred. 

The last difficulty can in principle be overcome with enough measurements at different mcidence 
angles or wavelengths, but in practice it is not so easy. Numerous reflectometers are available 
commercially, but for exploratory., laboratory measurements of the type discussed here it will be 
better to construct a system from components, the more easily to modify it as expenence die- - 
tates. No suggestions are made as to specific experiments in this area, but it is emphasized that 
any that may be undertaken should be carefully controlled, particularly with regard to havmg 
only one solid-solid interface in the system and m eliminatmg first-surface detenoration. 
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Aside from the simple reflectivity setup' discussed so'far,'a‘multiple-mternal-reflection setup 
for studying delammation and other film characteristics might also be considered Either reflec- 
tion of a broadened beam m an optically thick layer, or excitation of an optical guided wave in 
a thin layer might be considered.^ The three possibilities are illustrated schematically m 
Figure IV-17. These methods might -be also used in studying absorption m surface layers. These 
techniques_have high sensitivity for detectmg degradatiye changes .occurnng oyer extensive regions, 
but a number of problems with their practical mplementation have precluded recommending 
them m general. The difficulties mclude 

X 's 

• Restriction to layers with higher index than surroundings, placing artificial restric- 
tions on encapsulation system design • 

• Problems in coupling into layers, particularly w^ere long test periods are mvolved 

• Reduced dynamic range. 

Also, it is felt that, in general, multiple-reflection techniques increase the difficulty of interpreta- 
tion of the results. Still, there might be very special circumstances where they would be useful. 
Techniques and applications not too remote from the delamination problem are discussed by 
Hamck(^V-45) for thick films and by Swalen et al.(^V-46) for thm films. 


Ellipsometry 

Reflected hght is in general altered from incident li^t in polarization as weU as in intensity, 
a simple reflectivity measurement determining only the relative intensity of the reflected beam 
thus does not make use of all the available information in the beam. Ellipsometry remedies this 
defect. A schematic of an ellipsometer is shown m Figure IV- 18. Lmearly polarized light is in 
general elliptically polarized in reflection; in most ellipsometers the converse effect is used — a 
polarizer and quarter-wave plate produce eUiptically polanzed light which is adjusted until the 
reflected beam is plane polanzed; this permits a null detection scheme with a crossed analyzer. 
With excellent quality polarizing, pnsms and precise mechanical arrangements for measunng the 
angles mvolved (to the hundredth of a degree, typically), eUipsometry is capable of remarkable 
accuracy and precision in the measurement of optical properties of surfaces and of transparent 
films, and it is furthermore extremely well suited to measuring changes m these quantities. 
Thickness and thickness changes in thin films are also regularly measured this way. The degree 
to which any of these factors can be measured, thou^, is somewhat hard to specify m a general 
way, smce it is a large calculational step, generally involving a computer program as well as a 
large number of assumptions about the nature of the system of matenals and mterfaces being 
studied, to get from the angles measured experimentally to the optical constants and/or thick- , « 
nesses it is desired to determine, Ellipsometry has been used considerably as a tool m design 'of 
solar cell-coatings(IV-47)^ but it is only begmnmg to be investigated for the study of delamina-. 
tion and other types of optical degradationC^^'^^). ‘ 

The capabilities of ellipsometry for identifying a simple delammation were investigated by 
running a standard ellipsometry analysis program for various sets of hypothetical data, including 
’^.the example analyzed m the reflectivity discussion. If other effects do not mterfere with the 
observations, ellipsometry should be capable of detectmg delammations between transparent 
materials at the level of 1 0 A or less. However, this should not be taken to mean that the thick- 
ness of a delammation can always be measured, ;to within. 10 4-5 is characteristic of the method 
that there are regions of lower accuracy. To some extent this difficulty may be overcome by 
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FIGURE IV-18. SCHEMATIC OF ELLIPSOMETER 


making measurements at two well-separated wavelengths. Numencal experimentation of the type 
used here can also be used to determine, approximately, the best set of experimental conditions 
(incidence angle, wavelength) for a particular test, once the properties of the test specimen are 
specified. 

EUipsometry’s chief advantage is obviously the great accuracy of which it is capable It 
suffers from all the problems’ described above in connection with reflectometry. In addition, 
mterpreting the results requires experience; it is no job for beginners. Besides a thorough under- 
standing of the optics involved, famdianty with thin-fUm technology is necessary for the experi- 
menter to be aware of the various changes that may occur m the sample during the life of a test 
and of the optical changes to which these may lead. 

EUipsometers are manufactured by Gaertner Scientific Corp., Chicago, Ilhnois, and by 
Rudolph Research, Fairfield, New Jersey, at prices ranging from around $10,000 to $50,000. 

The more expensive models have automatic data mput to a mmicomputer, permittmg immediate 
determination of the optical constants in a vanety of situations. Elhpsometers are not suitable 
for field use, and should not be long exposed to damp or corrosive atmospheres Rather large 
samples (up to 1 square foot) can in principle be exammed, given enough time. 

Inasmuch as experiments are in progress on ellipsometry as a tool for mvestigating delamma- 
tion and the other degradatiye mechanisms of interest here, we have no particular recommenda- 
tions to make except to repeat our suggestion that all experiments be directed as soon as possible 
to the materials and subsystems of greatest interest to the program. 


*An automatic ellipsometei m the $10,000 pnce range has quite recently been ahnoimeed by Rudolph. Details on the capabilities 
of this machine have not yet been received 
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Holographic Interferometry 

The technique of holographic interferometry has been widely used in nondestructive testing, 
includmg accelerated life-testing applications, albeit not at the sensitivity level nor over the time 
scale of mterest here. A wide variety of experimental arrangements have been used, the basic 
setups are shown m Figures IV- 19 and IV-20. At the beginning of the experiment, with the sam- 
ple m place, the holographic recording material at the beam intersection is exposed, and then 
whatever processing steps are necessary to develop the hologram may be carried out (m so-called 
real-time interferometry) or may be deferred until the end of the experiment (in “double- 
exposure” or “time-lapse” interferometry) The recording matenal may produce an amplitude 
hologram (as with conventional film) or a phase hologram [as with DuPont photopolymerC^^"'^^)] . 
In prmciple, a material producmg a thick phase hologram is best, smce this can have a diffraction 
efficiency approaching 100 percent, while with amplitude holograms efficiency is limited to 
around 7 percent.(^^‘^®) If the recording matenal is removed for processing, it must be replaced 
with great accuracy, an advantage of photopoiymer is that it may be processed m place. Next, 
whatever steps are mvolved in accelerated testmg of the sample are carried out (in situ, if at all 
possible — reregistermg both the film and the sample will be particularly difficult). Then a phase 
shift of approximately 180 degrees is introduced into one arm of the interferometer*, in order to 
produce destructive mterference along hght paths that are unchanged**, and a new hologram is 
formed at the recording plane. This is simply viewed through the exposed hologram (real-time 
interferometry) or is allowed to further expose the recordmg matenal (double-exposure mter- 
ferometry), which is then developed and viewed with the reference beam. In either case, it 
should be possible to observe any sample regions that have changed in optical path, whether be- 
cause of delamination, change m birefrmgence resulting from flow, or from altered stress, or 
whatever.*** 

The advantage of holographic mterferometry of this type is that it is quite insensitive to the 
presence of roughness on other scattering sources m the hght path. However, changes m micro- 
structure producmg scattering will lead to high spatial frequency mterferences^^^'^l) which 
greatly complicate the mterpretation of the observed pattern. Microcrystallmity. changes of this 
type, and possibly strain birefrmgence changes, both resultmg from room-temperature vanations, 
probably contnbuted to difficulties encountered in some early experrments^^^'^^) m making 
holograms of some kinds of plastics. Details of the relative merits of real-time and double- 
exposure mterferometry are not presented; instead the reader is referred to texts.(^^'^^>^^‘^2) 

The double-exposure technit^ue is capable m principle of somewhat greater accuracy, but is 
limited m practice to relatively short stress times on the sample (perhaps an hour at the outside) 
if phase-sensitive recordmg is used. 

We can bracket the range of sensitivity to optical-path changes that may be observed by 
finding a theoretical lower limit to what can be observed using double-exposure phase holography 
and referrmg to practically determined lower hmits for real-time amplitude holography. For the 
former case, a simple vector-addition argument^^^"^^) shows that the contrast ratio between 
spots where there has been a phase change 6 and spots where nothmg has occurred is given by 


*For an amplitude hologram in photographic film, this step is unnecessary, smce a negative image is formed m the film 
processing. 

**The phase change may conveniently be accomplished by mountmg one of the irairors on a piezoelectnc mount, rather than 
by placing a compensator (such as an electrooptic modulator) m the beam 
***The conventional thmg to do for extended life testmg by holography is to add an extra stress durmg one of two exposures 
after the sample has completed the life test For mstance, one may compare, by either the real-time or the double- 
exposure method, the sample at an elevated temperature with itself at room temperature. Something along these lines might 
be successful m the present circumstances, although it would be difficult to implement successfully where plastics are involved. 
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FIGURE IV-19. EXPERIMENTAL ARRANGEMENT FOR HOLOGRAPHIC 
INTERFEROMETRY, REFLECTIVE SAMPLE 



Mirror 


FIGURE IV-20. EXPERIMENTAL ARRANGEMENT FOR HOLOGRAPHIC 
INTERFEROMETRY, TRANSMISSIVE SAMPLE 
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= K + 1 + 2 k1/2 cos - g) 

K + 1 + 2 k1/2 cos ^ 

where ^ is the phase shift introduced into the reference beam between exposures and K = 
where A and B are the recorded amplitudes of the initial hologram and of the second hologram 
in the background regions, respectively. A and B are assumed to have the same spatial vanation 
across the hologram plane. If things could be arranged so that K were umty and = tt , then the 
contrast ratio would be mfinite and visibility of changed regions would be limited only by the 
sensitivity of the detector. However, the charactenstics of the recordmg media available make 
this very difficult to achieve in practice, with care one might achieve K = 0.8 reproducibly. 

When K is not one, i.e., the reference-beam phase shift for maximum contrast is not tt, it should 
be noted. If 10 percent is taken as the change m contrast ratio that could easily be detected 
(quite a conservative assumption), then it is found that, for an mcident light wavelength of 
0.633 jam, delammated local areas smaller than 40 A might be detected if ^ is set at 180 degrees, 
and areas smaller than 12 A if is optimized (at around 172 degrees). Several things should be 
borne in mind in assessmg these calculations First, relatively uniform changes in optical path 
extendmg over large areas will usually be “compensated out”, and therefore not noticed. Second, 
defects which are small in area compared with the holographic fringe spacmg will be hard to de- 
tect reliably. This means that there is a trade-off, accomphshed through selecting the angle 
between the input beams, between ease of registration of the second-exposure pattern and size 
of defect observable. The minimum observable defect diameter would generally lie in the 10 jam 
to 50 jum range. Finally, other sources of error m the system will mevitably make the achiev- 
able sensitivity less than calculated here. 

To bracket the sensitivity at the other end, practical data on what can be done on a rou- 
tine basis are needed, rather than theoretical estimates of what might be achieved. For amph- 
tude holograms on photographic film, the mmimum path difference change reUably detectable 
is around half a wavelength, or 2500 to 3000 A. This is partly due to reregistration difficulties, 
but mainly results from film shrinkage m processmg. 

Between these hmits, the capabihties of holographic interferometry for mvestigatmg delamina- 
tion and similar defects presumably lie. It would take a rather extensive research program to find 
out just what the capabihties, if any, of holography might be m this area, but m view of its ap- 
parent desirable features, some effort appears warranted It should be recognized that only the 
simplest possible conditions have been discussed. Various ingenious methods, involvmg two 
separate reference beams and the polarization charactenstics of the beams, have been devised 
for enhancmg the sensitivity of holograpliic interferometers, and should obviously be explored. 

The advantages of holographic interferometry for the present type of work are. 

• A fairly large area may be surveyed at once. 

• Defects are located within the plane of the sample. 

• The method is capable in principle of fairly high sensitivity. 

• Sample imperfections are automatically compensated for. 
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A number of disadvantages are also obvious 

• One must work on a stable, well-isolated optical table. 

• Carefully controlled processing of some kmd of the recordmg material is required. 

• Defects are not localized m depth, at least not without a great deal of additional 
work. 

• As with many other optical techniques discussed, anything contributing to a change 
in optical-path length will have an effect; these effects may be hard to sort out. 

• There will be problems associated with proper registration of the recording matenal 
and the sample relative to the hght beams. 

In view of the severity of these difficulties, it seems very nsky to recommend work in this 
area; still, it has unique advantages, and at the very least should be given some additional thought 
and some simple experiments to see whether there is a chance it can be made to work. 
Holographic-interferometry setups are available from Newport Research Corp., Fountam Valley, 
California, Jodon Engineering Assoc., Ann Arbor, Michigan; Apollo Lasers, Los Angeles, Califorma, 
and Rottenkolber Holo-System GmbH, Obing-AHertsham, Germany, at prices m the $30,000 range. 
The Rottenkolber system can use phase-sensitive thermoplastic film; the others use conventional 
photographic film. For exploratory work of the type that would be required m the present pro- 
gram, however, a system assembled from components would be preferable on the basis of 
versatility. 


Light Scattering 

Small-angle elastic scattering of photons is a well-known method of determining the presence 
and concentration of small regions with optical properties differmg from the bulk. In the event 
that delamination occurs in such a way as to produce such regions, small in all dimensions compared 
with the wavelength of light, scattermg would be a good way to study the phenomenon. For 
delanunations optically thin in one dimension and thick in the others, some of the other methods 
discussed would be better, uhless guided waves could be used. Light scattering would also be 
useful m detemunmg the presence of any other similar inclusions within the matenals being used. 
Measurements at several wavelengths are necessary if concentrations of defects are to be deter- 
mmed; the possibility of defects of more than one size must be borne in mind. 

The most satisfactory present-day method of measuring smaU-angle forward scattering is to 
use a tunable laser, or several lasers, as the light source and an optical multichannel analyzer as 
the detector. This versatile instrument could also be used m other areas of the present program 
where parallel acquisition of optical data is desirable, as in holographic interferometry. Basically 
the instrument may be thou^t of as an array of 500 x N (N = 1-256) parallel detectors, with 
associated memory, display, and data-processing electronics. The detector channels are 25 pm 
wide and 25 x 256/N pm in height. A vanety of detectors are available for various wavelength 
and sensitivity ranges, the associated electromcs is such that with the most sensitive extremely 
large dynamic ranges — as much as 80 dB m the most sensitive wavelength range — are possible, 
making it possible to measure small amounts of scattered light without blockmg the forward 
channels. The memory and data-processing features, which allow the reduction of noise by 
repeating measurements and also subtracting out an initial spatial spectrum so that only changes 
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with time are displayed, make these instruments almost ideal for bght-scattermg studies, so despite 
their cost (around $10,000 to $40,000), they are rapidly coming into use. Pnnceton Apphed 
Research Corp., Princeton, New Jersey, is the principal manufacturer. A variety of older instru- 
ments for studying scattenng are surveyed by Lundberg et 

In the absence of specific information on the type of delaminations to be expected, it is 
difficult to fully assess the usefulness of scattering studies for this specific purpose. However, it 
should be recognized that optical scattering studies of matenals and mterfaces of mterest will 
probably form a part of any well-rounded accelerated testing program 

To summarize this discussion of delammation and similar defects, elhpsometry is probably 
the most sensitive technique and deserves experimental evaluation. However, each of the tech- 
mques descnbed has its advantages and disadvantages, one of the pnncipal difficulties in all cases 
being the separation of competing effects, which will be very difficult to do under all but the 
most rigidly controlled experimental conditions; moreover the suitabdity of any of the techniques 
for measurements throughout an extended life test remains to be demonstrated. 


5. Optical Methods for Measuring Discoloration 


The question that comes to mind concerning discoloration is whether the color changes 
involved can be detected at low levels by some method other than direct measurement of the 
absorption changes mvolved, such as by changes in reflectance or by ellipsometry. Some numeri- 
cal estimates have mdicated that the answer to this question would generally be m the negative. 

To get a feeling for the time scales involved, the results of Oster et al.(I^"33-) on absorption 
of 12-/im-thick Saran fihn irradiated with UV at 2540 A for vanous times were considered... The 
solar UV radiation reaching the earth’s surface wdl of course be peaked at longer wavelengths 
and thus will have a lower quantum efficiency m produemg yellowing than the source used in 
the experiments. To avoid problems in extrap olatmg the data to long wavelengths, a measure- 
ment wavelength of 4750 A was assumed. Neglectmg a small background absorption, the absorp- 
tion cross section at this wavelength is approximately 0.67 x 10"22 cm^/photon. If all air mass 
2 solar photons with wavelengths shorter than 3200 A were as effective in darkenmg the plastic 
as the 2540 A photons were, a 12-/im Saran sheet would become completely opaque (<0.1 per- 
cent transmission at 4750 A) m about 16 months’ outdoor exposure, assummg no other chemical 
changes. Smee the actual quantum efficiency will be much lower, obvious yellowing over a 5 to 
10-year life range may be anticipated, showmg the desirability of accelerated tests Some data 
on exposure of polystyrene (very photosensitive) and polymethyl methacrylate to sunlight for 
5 to 31 months are given by Winslow. Epoxy adhesives are particularly apt to degrade m 

sunlight, according to data of Mauri. 

To see whether absorption changes below the level of obvious yellowmg could be detected 
by reflectivity or ellipsometnc measurements, the standard computer programs previously 
discussed were run for a wavelength of 0 633 qm and an optically thick sample of a hypothetical 
matenal with a refractive index of 1.54 and various absorption coefficients. It was found that 
elhpsometry, although not really well suited to this type of measurement, was still more sensitive 
than reflectivity, but that m either case, by the time one had a reliably detectable change m these 
optical characteristics, the absorption even for a 1 2-/im-thick film had mcreased enough for the 
change to be easily measurable directly. Thus, these methods are not suitable for detectmg color 
changes. By far the best thing to do, particularly in the laboratory environment, is just to 
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monitor the absorptance of the materials of interest at some wavelength in. the ultraviolet (say 
0,3 pim) where the optical density changes from UV exposure are much greater than those m the 
visible spectrum. If the data on Saran is any guide, it should be possible to detect color changes 
this way in a time span of 10 to 20 percent of that required to observe them directly in the 
visible spectrum. 

The more highly colored states of photochromic ions in glasses generally have fairly char- 
acteristic spectral signatures by which their concentrations may be roughly estimated at about 
those levels where they begin to become a problem. If, however, photochromic darkening is 
observed in accelerated testing, what is really required is chemical analysis of the glass to deter- 
mine the total concentration of switchable ions, so that the total darkening over the practical 
cell hfe may be predicted and a decision on whether a better material is necessary may be 
reached. 


6. Optical Methods for Measuring Oxidation 


The major concern here is oxidation of polymers as a result of vapor permeation Forma- 
tion of oxide films on metallizations and interconnects is likely to be a problem, but it is not 
one that can be studied easily by optical techmques, except possibly in portmortem examinations 
The problem with the metallizations is that matenals likely to oxidize are next to the sihcon, 
and not very accessible to a probe beam. With the mterconnects, the problem is unfavorable 
(that is, nonplanar) geometry; some qualitative changes might be noted, though. 

The oxidation of polymers proceeds by a complicated and imperfectly understood chain of 
reactions(^^"5^), requirmg radiation to produce free radicals as well as oxygen or another oxida- 
tive reactant. The reaction propagates, though without multiplying; so one initial radical may 
lead to consumption of hundreds of oxygen molecules. Fortunately, it is not necessary to address 
the reaction details, but only to consider the net effect, which is to replace one hydrogen at- 
tached to a carbon with a hydroperoxide (OOH) radical. At the interfaces where we expect oxida- 
tion primarily to occur, these peroxide radicals will be very unstable and will soon be replaced by 
more stable doubly bonded oxygen (with evolution of water) or possibly by a hydroxyl group 
(with reevolution of oxygen). Such characteristic groups could of course be detected by infrared 
absorption spectroscopy; the possibihty of detecting them by their effects on the refractive index 
in the visible spectrum will be examined here. 

Such changes are easily estimated for polymers by usmg the concept of molar refractivity. 
There are various approach^ to this concept; the Lorenz-Lorentz type formulation is used 
here.(^^'^^) Accordmg to this formulation, the refractive mdex of a polymer at some charac- 
teristic wavelength (usually 0.589 /xm) is given by 

where Z = Rp/M, where R is the sum of tabulated^^^"^^) universal molar refractivities for one 
repeat umt of the polymer, p is the bulk density, and M is the molecular weight of the repeat 
umt. As a simple example, the refractive index of polyethylene m which various small percent- 
ages of C=0 or HCOH groups were substituted for CH2’s was estimated, assuming that the 
density changes could be neglected. It was found that for 1 percent of the repeat units altered 
m one of these ways, the index change expected would be 0.005 to 0.007. In a bulk sample. 


n = 


2zV/2 
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this would be easily measurable, but here it is just a change in the first few molecular layers at 
the interface, and is well below detection by any of the methods so far discussed — this at a 
rather heavy degree of oxidation. The conclusion is obvious - measurement of optical properties 
m the visible spectrum is not a suitable way to study mterface oxidation effects, at least not un- 
less much larger secondary effects are associated with them. 


7. Optical Methods for Measuring Strain 


As mentioned several tunes previously, sizable strains are likely to be present in the com- 
posite systems of interest here, and these strams will change with time, both as a result of envi- 
ronmental exposure and through slow relaxation mechamsms. Strains which might be precursors 
of delammation, either between transparent layers or between the metallization and the sihcon, 
are of particular mterest. The presence of strain is recognized optically by the presence of strain 
buefiingence. In this section, factors mvolved in measuring changes in this quantity are discussed. 

Polymers, as is well known, show birefnngence even when they are not being stressed. This 
birefringence depends on the polymer production method and its whole thermomechamcal history. 
In particular, it may result from(^^‘^^) 

• Preferential chain alignment from high-temperature shear 

• Bond distortion from low-temperature stress, mcludmg scratching 

• Presence of crystaUme or semicrystalline regions 

• Presence of boimdaries between different types of matenal, as m block copolymers. 

These effects may be loosely referred to as strain or intrinsic birefringence. 

When a polymer sheet is bonded to another matenal, a stress birefringence will be added to 
the intrinsic birefringence. In principle, the former property could be distmguished from the 
latter by its characteristic dependence on the geometry of the sample and the bond, but it is not 
known that this has been demonstrated Even if this composite is not subjected to any environ- 
mental stress, the birefringence may in many cases change with time as the polymer tries to 
relieve the mechanical stress on it. If there are environmental effects m addition — say just 
moderate temperature cycling — there wdl be thermally produced irreversible changes m the 
mechanical properties of the sample, leading to changes m the stress and stram birefrmgence. 

In addition, there will be thermal changes in the basic refractive indices and stress-optic coeffi- 
cients to consider if measurements are to be made at other than room temperature The prob- 
lems mvolved in performmg and interpreting this kind of experiment for just a smgle polymer, 
not bonded to some other material, are well set forth by Kovacs and Hobbs. The field 

of investigation where measurements at temperature are mvolved is called thermooptical analysis 
It is still in its rudimentary stages. The present circumstance presents a rather more complicated 
situation to study than those generally attacked so far, even if experiments are limited to mea- 
surements at room temperature. As has been repeatedly stressed, many of the optical measure- 
ments so far discussed will be more or less sensitive to these birefringence changes. However, 
some part of these birefnngence changes may be charactenstic of internal stram changes (which 
must occur) preliminary to delamination; so it might be possible to obtam useful data along these 
lines from any of these measurements, or perhaps from more conventional birefringence studies, 
discussed below. 
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The usual instrument for studymg photoelastic birefringence in the main is the polanscope. 
Various types are discussed in detail by Redner.(^V-61) ■phe most suitable type for quantitative 
measurement of changes is the circular polanscope*, m which any given point in the field may be 
selectively nulled (Figure IV-21). Without going into the details of operation, in these instruments, 
inhomogeneous stram birefrmgence is revealed in the distortion of a pattern of interference fringes 
The conventional polariscopic arrangement, lookmg through the broad face of the-sample perpen- 
dicular to the mterface, would yield an extremely complex pattern, difficult to interpret. Of 
course the phase changes are of similar complexity with the other optical methods described, 
such as ellipsometry and holographic interferometry, but m those cases the point by point sam- 
pling with the pnor method and the possibility of effectively nulling large regions of initial bire- 
fringence in the latter make them seem more capable of some rational mterpretation. Conven- 
tional photoelasticity of this sort is not capable of any higher resolution than the other methods; 
all in all it does not seem hke a, technique worth experimenting with at the present time. 

A somewhat different technique for studymg the stress effects from bondmg matenals is to 
measure birefringence with the light paths parallel to the bond interface. tjjjg pj-Q- 
cedure, it is best to use a small probe beam and a compensator to get results of high accuracy, 
rather than to employ the polariscope arrangement What is mvestigated is the birefrmgence 



A: analyzer 

Q: quarter-wave plate ORIGINAL PAGE ^ 
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FIGURE IV-21. SCHEMATIC DIAGRAM OF CIRCULAR POLARISCOPE 


*Such jnstiuments are available from Gaertner Scientific Corp at prices in the $10,000 range, and with fields of view up to 
8 mches. 
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produced by the long-range strain due to the presence of the interface Meaningful measurements 
cannot be made close to the interface because the stress pattern sampled will be too complex. 
This IS unfortunate because changes of mterest are likely to be first noticeable near the interface. 
In reasonably hard materials, though, a change in the long-range strains mdicative of yielding at 
the interface and thus of incipient delammation might conceivably be noted as a result of a 
change in long-range stram birefnngence. No particular work along these lines is suggested at 
present, but it should be kept m mmd if other approaches prove to yield data too difficult to 
interpret. 


8. Summary — Optical Measurement Techniques 


• Optical experiments to be carried out in the second phase of this program, as well as 
other studies, should be directed partly toward obtauung relevant optical data on 
matenals and combinations of materials likely to be used in solar photovoltaic arrays, 
as well as toward evaluating instruments and measurement techniques. 

• Light-scattenng measurements should be made on some materials of interest to deter- 
mine whether first-surface detenoration, delammation, and some polymer aging char- 
actenstics can be detected and differentiated by this technique, alone or in combma- 
tion with other measurements. 

• The suitabihty of simple reflectance measurement for evaluation of first-surface 
deterioration through abrasion, etching, etc , should be determined experimentally 
for a variety of likely first-surface matenals. Data on probable rates of surface 
detenoration in various locations should be gathered m order to allow useful-hfe 
predictions to be made. 

® EUipsometnc studies should contmue with emphasis on problems involved m detect- 
ing delammation and on matenals and materials combinations of primary importance. 

• Holographic mterferometry experiments should be considered with the objectives of 
determimng trade-offs between area scanned and overall sensitivity and rehabihty of 
the techmque; and determinmg whether strain birefringence changes, possibly pre- 
cursory to delammation, can be detected in this way. 

• Optical measurements performed on complete modules or arrays should be limited 
at first to simple tests, such as spectral transmitted intensity (mcluding UV), possibly 
at only a few selected wavelengths. Development of specific measurement pro- 
cedures must await fmal formulation of array designs, but the mstrumentation prob- 
lems involved deserve early consideration. 
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E. THERMAL AND MECHANICAL MEASUREMENT 
TECHNIQUES SELECTED 

1. Background 


This category includes the thermal and mechanical properties of matenals and related diagnos- 
tic techniques. Many of the potential array faUme modes are related to changes m the mechanical 
properties of the module materials, especially the polymeric and glass encapsulation materials 
caused by environmental stresses. Mechanical properties of mterest here include the elastic 
moduli, yield strength, ultimate strength, impact strength, fatigue, elongation, hardness, creep, and 
bond strength. This category also includes rheological measurements which may be useful both as 
an analytical tool for developing data on engineermg properties, and m detecting flaws such as 
delaminations. 

Failure modes relating to changes m thermal properties are less clearly defined. The thermal 
conductivity, specific heat, and thermal contact resistances will determme module operatmg- 
temperature distnbutions. Mechanical stresses will then be determined in part by differences in 
coefficients of thermal expansion. The contribution of changes m these properties to module 
failure is not clearly established. In addition to the usual thermal properties, this category also 
includes the thermal analytical tools, such as differential thermal analysis, differential scanning 
calorimetry, thermograviraetric analysis, and thermomechanical analysis, and special techniques 
such as infrared thermography. 

The thermal properties and thermal analytical tools would be applicable mainly to sin^e 
materials, while infrared thermography is anticipated as bemg a useful diagnostic tool for 
assembled modules. 


Glass-Transition-Temperature Properties 
in Polymers 

Characteristics of major importance in polymers include the changes in properties associated 
with various transition temperatures, the primary ones being the glass transition temperature (Tg) 
and the crystalline melting temperature (Tg). Some of the properties of polymers which change 
significantly at these transitions are identified in Figure IV- 22 .UV- 63 ) Below the glass transi- 
tion temperature, the materials are hard, rigid glasses, while above Tg, the individual molecules 
are mobile and rearrange themselves to form soft and flexible (amorphous) segments with or 
without attendant regularly structured hard (crystalline) segments. Thus, any material degrada- 
tion which shifts the glass transition temperature through the operating-temperature range of a 
module has the potential of senously altering the performance of the module and may lead to 
failure. 

Many factors affect the glass transition. The most important morphological factor is the 
chain stiffness or flexibility. Other chemical factors mclude the molecular polarity and back- 
bone symmetry. Structural factors include molecular weight, degree of cross linking, and amount 
of plasticization. Nielsen(^^"^4) gj^yes some empirical rules for estimating changes in Tg. In the 
range of practical molecular weights, Tg is given by 
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FIGURE IV-22. BEHAVIOR OF SOME POLYMER PROPERTIES 
AT TRANSITION TEMPERATURES 


ORIGINAL 
OF POOR QUALTIYi 
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where Mn is the number average molecular wei^t, Tg° is the glass transition temperature at infinite 
molecular weight, and K is a constant which is characteristic of a given polymer. For polystyrene, 
K 1.75 X 10^, and using-TgO = 100'’C, the following numerical values may be obtained: 


dMn 


Mn 

T °r 

ig, 

‘iTg 

10 ^ 

99.83 

5.7 X 106 

105 

98.25 

5.7 X 1 Q 4 

1 Q 4 

82 . 5 ' 

5.7 X 1 Q 2 


The effect of cross-linking on Tg is given by the equation 


_ 3.9 X 10"^ 

® 


where Tg^ is the glass transition temperature of the un^ss-hnked polymer having the same 
chemical composition as the cross-lmked polymer, and Mg is the number average molecular weight 
between cross-linked points. Numencal values for the shift in Tg may be tabulated as follows: 

Me Tg - Tg^, °C 


10 ^ 

0.039 

1 Q 5 

0.39 

104 

3.9 

1 Q 3 

39 

1 q 2 

390 


As may be seen from the literature, shifts in Tg of more than 80 degrees are not imusual for sys- 
tems such as thermosetting resins. 

Plasticizers are low-molecular-weight liquids (and occasionally solids) which are purposely 
introduced to lower the glass transition temperature. The loss of these plasticizers during environ- 
mental exposure can have a significant effect on the glass transition temperature. Mixture rules 
for predicting Tg for a plasticized material are 

Tg “ Tg^$^ + Tgg$g 


and 


1 _ Wa ^ Wg 

Tg Tgj^ Tgg 
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where and Tgg are the glass transition temperatures of the base polymer and the plasticizers, 
respectively, volume fractions and and Wg are the weight fractions. 

Typical values of Tgg are between -50 and -100°C, so that the Tg of the mixture may vary 
anywhere from Tgg to Tg^, depending upon the amount of plasticizer. 

Because of the importance of the ^ass transition temperature, chagnostic methods based on 
the measurement of this quantity should be particularly useful in degradation studies. Tech- 
mques which can be used to measure Tg mclude' 

• Differential thermal analysis 

• Differential scanning calorimetry 

• Thermomechanical analysis 

• Dynamic mechanical analysis. 


Thermal-Stress Properties in Polymers 


Thermal stresses usually involve quantities such as EaAT, where E is the modulus of elasticity, 
a is the hnear thermal expansion coefficient and AT is the temperature change from an unstressed 
condition. Any changes in either E or a are thus likely to change the thermal stress patterns. 
Empirical rules which relate the volume coefficients of expansion above and below Tg to Tg are: 

|3gTg = 0.16(IV-63) 

0.113(IV-64) ^ 


where and /3g are the coefficients of expansion above and below Tg, respectively. These rules 

taken together predict that 3 to 4. While this change m expansion coefficient may be 

significant, it may be overshadowed by the much larger changes that can occur in the modulus 
of elasticity as the Tg is shifted. 


Nielsen(^^”^4) has presented graphs which show the effects of several variables on the shear 
modulus of polymers. Figure IV-23 shows the effect of molecular weight on the modulus- 
temperature curve for an amorphous polymer such as normal atactic polystyrene. At the glass 
transition temperature, the modulus drops by about three orders of magnitude. Below Tg, mo- 
^ lecular wei^t has practically no effect on the modulus. For sufficiently high molecular weights, 
Tg and the drop in modulus are also mdependent of molecular weight. Above Tg, the molecu- 
lar weight has a larger influence, as the tendency for viscous flow becomes more pronounced. 


The effect of cross-linking on the modulus-temperature curve is shown in Figure IV-24. 
Several effects of cross-linking are evident. First, the modulus above Tg is greatly increased as 
cross-hnkmg progresses. Second, the glass transition temperature shifts to higher values with m- 
creased cross-linkmg, as was discussed earher. Finally, the transition region is broadened with 
increased cross-lmkmg. Below Tg, cross-hnkmg has little effect on the modulus. The effect of 
crystallmity on the modulus-temperature curve is shown m Figure IV-25. The shear modulus is 
essentially unaffected by crystallmity below Tg but increases markedly with increasmg degrees of 
crystallinity above Tg. For the most part, polymeric encapsulation candidates will be noncrystal- 
line since most semicrystalline materials are opaque (rulmg out top-cover applications) and have 
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FIGURE IV-23. EFFECT OF MOLECULAR WEIGHT ON THE MODULUS- 
TEMPERATURE CURVE OF AMORPHOUS POLYMERS 

Modulus is given in dynes/cm^. 



FIGURE IV-24. EFFECT OF CROSS-LINKING ON THE MODULUS- 

TEMPERATURE CURVES OF AMORPHOUS POLYMERS 

The numbers on the curves are approximate values of M^. 
The value of 30,000 refers to an uncross-linked polymer 
with a molecular weight of roughly 30,000 between 
entanglement points. Modulus units = dynes/cm^. 
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properties which are particularly sensitive to thermal history. However, where crystalline or 
crystallizable polymers are used, the effect of crystallinity on modulus and other physical proper- 
ties will be significant. 


The effects of plasticization and copolymerization on the modulus are shown m Figure IV-26. 
The principal effect is a shift in the glass transition temperature. 

The response of a solid under the influence of an oscillatmg or otherwise time-dependent 
forcing function is governed by a complex modulus G* = G' + iG". The imaginary term gives 
rise to a damping or dissipation of energy, while for small to medium dampmg, the real terra is 
the same as the modulus measured by other methods. The ratio of the loss modulus, G", to the 
real modulus, G', is called the loss tangent and is defined by 

tan 5 = G"/G' . 


Another convenient damping term is the logarithmic decrement A which is related to the peak 
amplitudes of successive damped natural vibrations Ai and A 2 by 


A = In- 


in terms of the complex modulus, A is given by 

A ^ IT ^ for A < 1 . 

Gr 

For a given polymer, the complex dynamic modulus depends on both the temperature and the 
frequency of oscillations as illustrated m Figure IV-27.(IV-64) Por most polymers, Tg and the 
damping peak are increased about 7°C for an order of magnitude increase m frequency. 

Nielson gives approximate equations by which dynamic mechanical data taken over a range 
of frequency can be used to calculate the creep compliance and stress-relaxation modulus, 
which are useful engmeenng properties.GV-64) 

The effect of molecular weight on damping is illustrated in Figure IV-28. Above Tg, the 
damping depends strongly on molecular weight, and the value of damping at the mmunum in 
the curve may be used as a measurement of the number average molecular weight. The extreme 
sensitivity of dampmg to changes in degree of cross-lmkmg is illustrated in Figure IV-29.(I'^"6'^) 
Qualitatively similar results are obtained for the dampmg with changes in plasticizer content. 

Many polymers exhibit additional damping peaks at temperatures below Tg. These are 
called secondary glass transitions. Prominent secondary glass transitions are usually found for 
tough, ductile, glassy polymers and those with high impact strength, so that changes in these 
secondary transitions may be indicators of changes in ductihty and impact strength. 

The melt viscosity, while probably not of significant engmeering importance m relation to 
module performance, is nonetheless extremely sensitive to changes m molecular weight.G^"^^) 
Above a cntical molecular wei^t, Mcr, the melt viscosity may be represented by the equation 

log 7j = 3.4 log + A , 
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FIGURE IV-25. EFFECT OF CRYSTALLINITY ON THE MODULUS- 
TEMPERATURE CURVE 

The numbers on the curves are rough approximations 
of the percent of crystallinity. Modulus units = 

dynes/cm2. 



FIGURE IV-26. EFFECT OF PLASTICIZATION OR COPOLYMERIZATION ON 
THE MODULUS-TEMPERATURE CURVE 

The curves correspond to different plasticizer concentrations or to 
different copolymer compositions. B is unplasticized homopolymer. 
A is either a second homopolymer or plasticized B. 
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FIGURE IV-27. THE MODULUS AND DAMPING OF A TYPICAL AMORPHOUS 
POLYMER AS A FUNCTION OF TEMPERATURE AT TWO 
FREQUENaES 


Frequency £2 is greater than fj. 





HGURE IV-28. DAMPING VERSUS TEMPERATURE FOR A POLYMER OF 
THREE DIFFERENT MOLECULAR WEIGHTS 
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where A is a constant which is characteristic of a given polymer, but is independent of molec- 
ular weight. The critical molecular weight depends upon the structure of the polymers and may 
vary from 2000 to 60,000. For low molecular weights, two empirical expressions are given for 
the viscosity: 


log 77 = n log + B , 
where n ia 1 and B is a constant, and 

log v = Ci + C 2 , 

where n 1/2 and Cj and C 2 are constants. 

A similar situation exists for the viscosity of concentrated polymer solutions. Below a 
critical molecular weight, the viscosity is proportional to M, while above M^p the viscosity is 
proportional to Thus, for sufficiently high molecular weights, a small percentage change 

m M produces a substantially larger change in 77 , and measurements of 77 would be a sensitive 
detector of degradation by modes in which the molecular weight is changed. 



FIGURE IV-29. DAMPING OF EPOXY RESINS WITH INCREASING 
DEGREE OF CROSS-LINKING 

Cross-linking increases as the ratio of the components 
approaches the stoichiometric value. [Reprinted from 
Murayama and Bell, J. Polymer Sci., A2, 8, 437 
(1970).] 
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The dependence of many polymer properties upon molecular weight may be described by 
the relation. 


“n 


where Xqo is the value of the property X at mfinite molecular weight and A is a constant for a 
given polymer. Many properties, mcluding density and specific heat, attam their asymptotic 
values at molecular weights well below the real polymer range. On the other hand, the tensile 
strength does vary significantly with Mji witlun the range of real macromolecules.C^^"^'^’ IV-65) 
Figure IV-30 shows the dependence of tensile strength on molecular weight for a few 
polymers 


In addition to tensile strength, other features of the stress-strain relationship for polymers 
may be sensitive to degradation. The elongation at break is a frequently measured property 
which changes with agmg. An example of this is shown m Figure IV-31.(^^"6'7) 


icf 10® 50,000 25,000 20,000 15,000 10,000 



Legend 

(a) — Polythene 

(b) — Polymethylmethacrylate 

(c) — Polystyrene 

FIGURE IV-30. EFFECT OF NUMBER AVERAGE MOLECULAR 
WEIGHT, M„, ON BRITTLE STRENGTH(IV-66) 
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HOURS EXPOSURE IN 
WEATHER-OMETER x 10“® 


FIGURE IV-31. PERCENT ELONGATION AT BREAK VERSUS EXPOSURE TIME IN 
THE WEATHER-OMETER FOR AN ALKYD PRIMER (PRIMER # 2 ) 


Surface Effects in Glass 

With regard to the thermal and mechanical properties of glass, degradation appears to affect 
mamly those properties which are intimately connected with the condition of the surface. The 
breaking strength of glass is determined largely by surface-flaw structure and by ionic exchange 
at the surface. The related property of static fatigue is also influenced largely by the surface 
structure. Ionic exchange may also affect the mechanical dampmg or internal fnction.C^^”^^) 


Recommended Thermal and Mechanical 
Property Measurements 

The following selected methods and mstrumentation for measurement of pertinent mechani- 
cal properties of array materials and components are discussed in the succeeding sections; 

• Torsion Pendulum and Torsion Braid 

• Rheovibron Viscoelastometer 

• Weissenberg Rheogoniometer 

• Other Dynamic Mechanical Analyzers 

• Ultrasonic Techniques. 
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In subsequent sections, the following recommended thermal measurement techniques which aSre 
pertinent to this application are discussed: 

• Thermal Analytical Techniques 

• Differential Thermal Analysis 

• Differential Scannmg Calonmetry 

• Thermogravimetric Analysis 

• Thermomechanical Analysis 

• Infrared Thermovision. 


2. Torsion Pendulum and Torsion Braid 


These techniques discussed below are types of dynamic mechanical measurements, which may 
be separated into two categories. In the first category, the response of a sample to free or 
natural oscillations is measured, while in the second category, the response to forced oscillations 
IS measured. Strains imposed upon the samples are usually small so that the sample may be 
assumed to be in the linear viscoelastic region. The applicability of some of the instruments to 
the measurement of viscosity is also discussed. 

The two most important free-osciUation techniques are the torsion pendulum and the tor- 
sion braid Among aU the dynamic mechanical analysis instruments, only the torsion pendulum 
is recognized as an ASTM method (D-2236).(^'^“^*^) The torsion pendulum was pioneered m this 
country by Nielsen(^^“^9), among others. Schematics of the torsion pendulum are shown in 
Figure IV-32.(I^“^0) The specimen is clamped at each end. One end is ngidly fixed, while the 
other is clamped to an inertia bar and is free to move. The specimen may be either rectangular or 
cylindncal. Rectangular specimens are to be 0.015 to 0.10 inch m thickness, 0.10 to 0.60 inch in 
width, and 1 to 6 mches in length (exclusive of matenal in the grips). Cylindrical specimens are 
to be less than 0.30 mch in radius and to have the same length as above. At least 1/4 mch of 
specimen is to be held in each grip. 



FIGURE IV-32. SCHEMATICS OF TORSIONAL PENDULUM APPARATUS 
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In operation, the inertia member is given an initial angular displacement of less than 2.5 deg/ 
cm of specimen length. The resulting damped harmonic oscillation is recorded by some suitable 
means such as Imear vanable differential transfoimersC^V"^^), rotational vanable differential trans- 
formers(^^“^^), or optical techniquesO^"^^), A recording of the damped oscillation will resemble 
that shown m Figure IV-33. The logarithmic decrement is calculated from the amplitudes of two 
succeedmg peaks by 


A = ln(Al/A2) . 

The real part of the dynamic shear modulus is calculated from a measurement of the frequency 
of oscillation, the moment of inertia of the inertia member and the geometry of the specimen. 



FIGURE IV-33. RECORDING OF DAMPED OSQLLATION IN 
TORSION PENDULUM TECHNIQUE 

The useful temperature range of this technique is 4.2 to The frequency of 

oscillations is not generally an independent variable, but rather is determmed by the properties 
and geometry of the sample and the moment of inertia of the mertia bar. However, a normal 
frequency range of 0.1 to 100 Hz may be given. Smce only about ten cycles of osdUation need 
to be observed, a given test will take at most 2 minutes. 

Estimates of the pfeasion of the technique may be ob tamed from the results of an ASTM 
interlaboratory round robin.O^"^^) With 15 laboratones participating, the mterlaboratory preci- 
sion was: for G' below Tg, ±7 percent, for G' m the glass transition region, ±30 percent; for G” 
and A above Tg, ±20 percent; and for G" and A below Tg, ±10 percent. Using the measured 
values of G' and G", or A, the glass transition temperature could be determined to within ±3°C. 

It was found that the values for intralaboratory precision were about half those for interlaboratory 
precision. 

Although torsion pendulums have usually been laboratory-constructed devices, a commercial 
model IS now available from Plastic Analysis Instruments, Inc., of Princeton, New Jersey for 
about $40,000. This model is automated and with a computerized data acquisition system, the 
precision and accuracy is improved over that quoted above. Precisions of a few tenths of 1 per- 
cent may be possible with this mstrument.(I^“^4) xhis instrument is described in Refer- 
ence (IV-72), and is shown schematically in Figure IV-34.(^^"^^) In addition to the usual 
torsion pendulum mode, the instrument may also be used for torsional braid analysis. Here, 
the usual film specimen is replaced by an inert braid which is dipped mto a polymer solution 
and then the solvent is removed. 
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FIGURE IV-34. TORSIONAL PENDULUM AND TORSIONAL BRAID ANALYZER 
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3. Rheovibron Viscoelastometer 


The most widely used forced vibration viscoelastometer is the. Rheovibron, a schematic of 
which is shovm in Figure IV-35, The specimen m the form of a film or bar is held m tension by 
a pair of grips. An oscillating stram of a known frequency is imposed on one end of the speci- 
men. The resulting stress is measured- at the other end. From the magnitudes and phases of the 
stress and strain, the complex dynamic tensile 'modulus and the loss tangent are computed. The 
loss tangent may be read directly off a meter. 



FIGURE IV-35. SCHEMATIC OF RHEOVIBRON VISCOELASTOMETER 

The temperature range of this instrument is from -150°C to 250°C. Discrete frequencies of 
3.5, 11, 35, and 110 Hz and continuously vanable frequencies between 0.01 and 1 Hz may be 
imposed on the specimen. Two models are available. Maximum specimen sizes are 0.05 x 0.4 x 
5 cm for Model DDV-II-C and 0.5 x 1 x 7 cm for Model DDV-III-C. The ranges of dynamic 
modulus which can be measured are 10^ to 10 ^^ dynes/cm^ for DDV-II-C and 10^ to 10^^ 
dynes/cm^ for DDV-III-C. The range of loss tangent measurable is about 0.001 to 1.7. 

Massa(I^"^^) has analyzed a mechamcal model for the DDV-II, and has denved expressions 
for the moduli to take mto account the effects of system compliance, sample yielding withm the 
tensile 'grips, and system inertia. He showed that these effects require a correction to the raw 
data of 20 to 30 percent for glassy polymers. The correction factor was found to vary significantly 
with temperature, frequency, and sample width and thickness, and among different polymers. 

When appropriate corrections are taken into account, Massa estimates the accuracy of dynamic 
modulus values to be aroimd 5 percent.(^^“^^) Accuracy is partially limited by the inability to 
obtain perfectly uniform specimen cross sections and by problems in mountmg the samples m 
order to obtain uniform strain across the sample. Precision of dynamic modulus measurements 
IS somewhat better, possibly around 1 to 2 percent. It is difficult to assi^i an accuracy or preci- 
sion value to the loss tangent, except to note that 10"^ is the lower limit of detection. A new 
automated system is available which uses computerized data reduction and thus increases the 
precision of the measurements. 
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Provided no damage is done to the specimen by the grippmg arrangements, the measurement 
has no effect on the sample, so that the same sample may be remeasured after various degrees of 
degradation. Specimen setup time is about 10 to 15 minutes, and with a temperature scan rate of 
2°C/min, a complete scan from -150°C to 250“C at a given frequency will take about 3-1/2 hours. 

This is a laboratory mstrument and as such is generally not portable. The instrument is pro- 
duced by the Toyo Baldwin Co., Ltd., of Japan and is distributed in the United States by IMASS 
of Accord, Massachusetts. The costs for the basic instruments are SI 3,750 and $24,750 for the 
DDV-II-C and DDV-III-C models, respectively. A sweep accessory for the low-frequency range 
costs about $4000, and temperature chambers range in price from about $1000 to $2700. 

Several descnptions of modifications to the Rheovibron have appeared in the literature. 
Murayama and Silverman(^’'*^“^^) have adapted the instrument to allow measurement m a gas 
medium, while Lowton and Nurayama(IV-78) j^ave extended this modification to a hquid medium. 
Massa(IV-75) developed a new sample holder to adapt the Rheovibron from a tensile geometry 
to a flexural geometry. Shah and Darby(IV-79) described a parallel-plate modification of the 
sample holders to obtam oscillatory data in the shear mode for several high-density polyethylene 
melts. 


4. Weissenberg Rheogoniometer 


The Weissenberg Rheogomometer is a versatile instrument which may be used for rheological 
measurements on a variety of materials including melts, solutions, emulsions, suspensions. Liquid 
mixtures, gels, pastes, and solids. A schematic of the mstrument when used m the cone and plate 
viscosity mode is shown in Figure IV-36.(^^~^*^) 

The fluid specimen (volume usually about 1 cubic centimeter) is held between the lower 
plate A and the upper surface I. Power enters the measuring head through shaft D, and through 
a worm and gear, a vertical shaft drives the lower surface. The upper surface is held by a torsion 
bar J which is clamped to the head K. An inductive transducer H detects the tangential shear 
stress by measunng the torsional displacement of the bar. The drive input can be pure rotation, 
or pure oscillation, or a combmation of rotation and oscillation. When the input is oscillatory, a 
transducer 0 measures the input oscillation, while the lower plate A measures both the amplitude 
and phase angle of the oscillation that is transmitted to the upper surface. The plate and cone 
shown for use with fluids may be replaced by a set of clamps for measurements on solid specimens. 

In the case of fluids, viscosities m the range 1 0"^ to 1 0^ poise can be measured. Shear rates 
may vary between 8 x 10"^ sec“^ and 10^ sec~^, and provides the capabihty for testing of non- 
Newtonian fluids. 


When used for measurements on solids as a dynamic mechanical analyzer, the measured 
quantities are the shear modulus and the loss tangent, since the specimen is oscillated in torsion. 
The frequency range which may be covered is 1 0“^ to 60 Hz. Sohd specimens are usually m the 
form of bars about 2 mm x 2 mm x 2 cm. A temperature controlled chamber allows measure- 
ments to be made over the temperature range 77 to 620 K. The act of measurement has little 
effect on the test specimens, provided measurements are not extended to temperature or environ- 
mental conditions where degradation may occur. Precision of the technique is estimated to be 
about 3 percent, while the accuracy is estimated to be between 5 and 10 percent. A part of the 
maccuracy is associated with the measurement of specimen dimensions. p iSs 
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FIGURE IV-36. DIAGRAMMATIC SECTION OF THE MEASURING HEAD 
OF THE RHEOGOMOMETER 

Setup time may vary from 15 minutes up to about 1/2 day, while the measurement at 
several frequencies for a given temperature may take about 1 hour. A moderate to highly skilled 
operator must contmuously monitor the measurements. The mstrument requires power at 220 V 
and 10 A, and depending upon the temperature range, may require hquid nitrogen or water cool- 
ing. The mstrument is a laboratory device and is not generally portable. It is manufactured by 
Sangamo Weston Controls, Ltd., and costs between $25,000 and $50,000, dependmg upon the 
options chosen. 


5. Other Dynamic Mechanical Analyzers 


Other instruments in this category are the DuPont Dynamic Mechanical Analysis System 
which is a module for their Thermal Analysis System, the Rheometrics instrument, the Dynastat 
Transient and Dynamic Viscoelastic Analyzer (sold by IMASS), and a new instrument developed 
by Professor Stemstein of RPI. 
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6. Ultrasonics Techniques 


Techniques based upon the propagation of ultrasonic waves are widely used in nondestructive 
testing. When an ultrasonic wave traveling in one medium reaches an interface with another 
medium having a different acoustic impedance, a fraction of the incident wave is refracted. For 
a wave incident normal to the interface, the power reflection coefficient is given by 

R= / ^1^1 -P2^2 

I PjCj + P2C2 

where pj and P 2 are the densities of the two media and Cj and C 2 are the acoustic velocities in 
the two media. This reflection is the basis for the pulse-echo flaw-detection system, shown 
schematically in Figure Here, an ultrasonic transducer bonded to the surface of 

the matenal under test emits a pulse which travels through the material. At each mterface that 
the pulse encoimters, a certain fraction of the energy is reflected and is picked up by the trans- 
ducer. This technique requires that the transducer be acoustically coupled to the material. The 
coupling can be effected by various means, such as cements or thin films of water or oil. 




mOURE IV-37. A SCHEMATIC OF A SIMPLE PULSE-ECHO FLAW-DETECTION 
SYSTEM USING A CONTACT-TYPE TRANSDUCER 


An alternative pulse-echo test is the immersion-type test which is shown schematically in Fig- 
ure IV-38. Here the matenal is immersed in a tank of water and the ultrasonic waves travel 
through a depth of water before impinging on the material. In this case, an echo is produced 
at the first surface of the material. 
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FIGURE IV-38. A SCHEMATIC OF AN IMMERSION-TYPE TEST 

Inspection systems utilizing two transducers may also be used, m which a pulse is produced 
by one transducer and is detected by a second transducer. A two-transducer reflection system is 
shown m Figure IV-39, while a two-transducer transmission system is shown in Figure IV-40. 



FIGURE IV-39. A TWO-CRYSTAL INSPECTION SYSTEM 

As an alternative to pulses, contmuous waves may be used in resonance methods of flaw 
detection. A single transducer is placed on the surface of the test piece and is used to produce 
a standmg wave having an integral number of half-wavelengths, as shown in Figure IV-41. 
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HGURE IV-40. A TWO-CRYSTAL SYSTEM CAN BE USED FOR 
DETECTION OF LAMINAR DEFECTS IN 
PLATE MATERIAL 

Transmission occurs at position (a). There is no 
transmission at {b). 


Plate with 



Test 

condition 
No flaw 


Transducer at 
edge of flaw 


Flaw in middle 
of the plate 


Flaw oriented at 
too steep an angle 
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FIGURE IV-41. DETECTION OF FLAWS IN A METAL PLATE BY THE USE 
OF THE RESONANCE METHOD 
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Equipment for ultrasonic inspection usually consists of three basic items: 

• One or more ultrasonic transducers, possibly combined with a mechanical scanning 
device 

• Electronic signal processors which generate and detect the ultrasonic pulses or waves 
and other reference signals, and which convert the signals into usable data 

• Units for displaying and/or recording the various signals. 

Instrumentation would probably be assembled in modular form, with applicable equipment being 
available from such companies as Krautkramer-Branson, Panametncs, Automation Industries 
(Sperry Division), Nortec Corporation, Sonic Instruments, and Balteau Electnc Corporation. It 
is estimated that equipment costs would be in the neighborhood of $5,000. Some pieces of 
equipment are portable and imght be used for field inspections Setup and scan times may be 
as Jow as several minutes. 

An assessment of the applicability of ultrasonic techniques to the evaluation of solar-ceU 
modules will require a study of the details of materials properties and geometries. However, a 
few judgments may be made. Fust, immersion techniques may not be suitable in some cases be- 
cause of the possibility of unwanted effects due to the immersion medium. Throu^-transmission 
techniques caimot be used m any structure which includes wood or similar matenal in the sub- 
strate, because of the difficulty of propagatmg ultrasound through such materials. It is judged 
that resonance techniques have limited usefulness in many of the bonding materials. The pitch- 
catch technique using two transducers on the same surface as in Figure IV-39 appears to be" the 
most promising technique. In addition to delaminations (which cause enhanced reflections), mate- 
rial degradation which alters the ultrasonic velocity and attenuation may be detectable. It is 
difficult to give a quantitative estimate of an accuracy or sensitivity of this technique for measur- 
ing changes in the various effects. It is considered that a combined analytical and expenmental 
program would be needed to provide such quantitative mformation. 

While ultrasonic techniques have been used for many years to detect the presence of dis- 
bonded regions or delaminations in adhesively bonded systems, it is only recently that these 
techniques have been apphed to the quantitative determmation of the quality of an adhesive 
bond pnor to actual disbondmg. J. L..Rose and his associates at Drexel University have been 
workmg on a 5-year program which started in January, 1973, vrath the objective of developmg 
ultrasonic procedures for a quantitative determmation of adhesive bond strength.^^^'^^) Most 
of the work has been directed at predicting the failure load of aluminum-aluminum step-lap 
joints, although the work is to be extended to metal-to-composite structures. Mathematical 
models were developed to allow a study of the basic ultrasonic wave interaction mechanisms 
with an adhesive bond.(^^~®^) The models studied were identified as the reference bond model, 
the material property gradient model, the surface preparation model, and the combined property 
^adient and surface preparation model. The reference bond model considers the adhesive layer 
as a homogeneous, isotropic layer with isotropic substrate layers on either side. The material 
property gradient model k based upon the expectation that chemical migration, gas entrapment, 
and cure variation problems wiU cause a vanation of mechanical properties across the thickness of 
the adhesive. -This variation would then affect the transmission and reflection of ultrasonic waves 
throu^ the adhesive. To make calculations, the adhesive was artificially subdivided into up to 
five layers having different acoustic properties. The surface preparation model is based on the 
expectation that surface contaminants may result in microscopic points of nonbonding uniformly 
distributed over the adhesive-substrate interface. This model then assumes that the interface con- 
sists of many points of contact separated by microscopic voids. The use of computer programs 
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was necessary to obtain quantitative results. The results showed that variations in ultrasonic re- 
flections may be small and that a careful signal analysis is necessary to avoid overlooking these 
small variations. 

An experimental evaluation of these ideas vras performed on aluminum-FM-47-aluminum 
step-lap-joint adhesive systems.(^^“^^) The specimens were tested in an immersion tank, and the 
amplitude of the interfacial echo was measured. After ultrasonic testing, the specimens were 
loaded to failure in an Instron tensile testing machine. Different qualities of adhesive bonding 
were obtained either by using or by eflminatmg the recommended acid etching of the substrates. 
The results of this study are shown in Figure IV-42. As can be seen from the figures, it was 
observed that as the quality of the interfacial bond decreased, the amplitude of the interfacial 
reflection also decreased. Also, as shown by the difference in Figures IV-42 (a) and IV-42 (b), 
the choice of transducer appears to have a large effect on the sensitivity of the results, the 
20 MHZ transducer producing a much better sensitivity than flie 10 MHZ transducer. Although 
the correlations between failure load and bondline echo amplitude are reasonable, it is clear from 
the figures that predictions from a single test would not be very precise. 
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7. Thermal Analytical Techniques — 
General Description 


Thermal analysis involves the use of a family of techniques by v/hich the response of some 
material property is studied as a function of temperature. The most vridely used techniques mclude 
differential thermal analysis (DTA), differential scannmg calorimetry (DSC), thermogravimetric 
analysis (TGA), and thermomechanical analysis (TMA). Other techniques in this family may in- 
clude dynamic mechanical analysis (DMA), torsional braid analysis (TBA), thermooptical analysis 
(TOA), thermoacoustical analysis (TAA), electrical thermal analysis (ETA), thermometric 
titrimetry, and thermal evolution analysis (TEA). In this section, only those techniques used 
for measuring thermodynamic effects and weight changes are discussed; those techniques used 
for measuring changes in mechanical properties are discussed in another section. 

All thermal analysis techniques have four main components. (1) a transducer to measure the 
response of the material, (2) a programmer which controls the heating and coolmg rates of the 
material, (3) an amplifier which conditions the transducer signal, and (4) a recorder which yields 
a permanent record of the transducer response as a function of temperature. Various temperature 
scanning rates may be used and, depending upon what effects are being looked for, total runnmg 
time may vary from about 10 minutes to 2 hours or so. A medium-skilled operator is required 
to run the instrument, but more experienced and knowledgeable personnel are needed to mterpret 
the thermograms. Frequent calibration is needed, generally with materials of known melting point, 
heat capacity, etc. The instruments are usually suited for the laboratory and are not generally 
portable. As such, they are not suited for m situ measurements. Only a nominal amount of power 
is required. Liquid nitrogen is generally required for runs below room temperature, although some 
refrigeration units are available. Bottles of gases may be needed for purging or for atmospheric 
control. 


8. Differential Thermal Analysis (DTA) 


In differential thermal analysis, the temperature of a sample and a thermally inert reference 
material are measured as a function of temperature. The quantity which is recorded is the tem- 
perature difference. A schematic of a typical DTA mstrument is shown m Figure IV-43.(IV"^^) 
Here the transducers are thermocouples, which are individually placed directly within the sample 
and the reference material. The sample and reference are placed in identical chambers in a 
block, the temperature of which is automatically controlled. As the block is heated, any transi- 
tion which the sample undergoes will be accompanied by either liberation or absorption of heat, 
with a corresponding increase or decrease in the sample temperature with respect to the refer- 
ence material. A record of this temperature difference (AT) as a function of programmed tem- 
perature (usually the sample temperature) gives information about the temperatures at which 
transitions occur and whether the transition is exothermic or endothermic. The area under the 
AT 'curve gives a .rough indication of the amount of heat transferred in or out of the sample, but 
is not generally used for quantitative purposes. 

Since the thermocouples are embedded directly within the sample, DTA provides the highest 
therraometric accuracy of any of the thermal analysis techniques, and thus can be used to study 
small changes m transition temperatures which may be associated with other physical properties. 
Sensitivities of approximately 0.002®'C are common for AT. However, this precision may not be 
realized in practice in measuring absolute temperatures of thermal events. Thermograms resultmg 
from DTA runs generally show a number of peaks' (associated with first-order transitions such as 
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the melting point) and baseline shifts (associated with second-order transitions, such as the glass 
transition). Furthermore, there is inevitable rounding of the peaks and shifts so that various 
extrapolation techniques must be used to obtam transition temperatures. The shape of the DTA 
curve IS influenced by two general types of variables instrumental factors' and sample char- 
actenstics.CJ^'"^^) Instrumental factors mclude furnace atmosphere, furnace size and shape, 
sample-holder material, sample-holder geometry, wire and bead size of thermocouple junction, 
heatmg rate, speed and response of recording instrument, and thermocouple location m sample. 
Sample charactenstics include particle size, thermal conductivity, heat capacity, packing density, 
swelling or shrinkage of sample, amount of sample, effect of diluent, and degree of crystallinity. 
It is thus imperative that as many as possible of these factors be held constant when searching 
for small changes in transition temperatures. It should also be noted that the act of scanning a 
sample through a certam temperature range may lead to irreversible effects, such as those due to 
thermal degradation. In fact, a common practice is to erase a sample’s previous history by per- 
forming one scan and then another. Such a procedure must be used with caution in degradation 
studies in order to avoid confusion between service degradation and changes mduced by the 
actual measurement. 



FIGURE IV-43. SCHEMATIC OF TYPICAL DTA INSTRUMENT 

The use of thermal analysis m the determination of transition temperatures of polymers is 
covered by ASTM Designation D3418-75. Results of an mterlaboratory round-robin showed that 
duplicate determinations of first and second-order transition temperatures on two specimens of 
the same sample by the same analyst should not differ by more than 1.5°C and 2.5°C, respec- 
tively. Similarly, duplicate determinations of first and second-order transition temperatures on 
specimens of the same sample analyzed in different laboratones should not differ by more than 
2.0°C and 4.0°C, respectively. 

DTA mstruments are produced by a number of companies(I^“®^), with DuPont and Perkin- 
Elmer being perhaps the better known ones. Many of these instruments are modular m design, 
with one basic programmer and recorder being used with separate modules for DTA, DSC, TGA, 
etc. As an example of costs, the DuPont programmer and recorder sell for about $13,000 while 
DTA modules costs range from about $6000 to $11,000. A wide range of operating temperatures 
is available, usually about -lOO^C to 1600°C. Samples may be run in a variety of gaseous 
atmospheres and in a variety of gaseous pressures (from about 1 0"6 torr to about 4000 psig) 
Vanous forms of specimens may be used and sample sizes may vary from 0.1 to 100 mg. A 
Stone DTA is available for use at Battelle’s Columbus Laboratories. 
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Numerous applications of DTA to polymers have been reported in the literature (IV-88) 

From the viewpoint of this study, the most important apphcation appears to be the determina- 
tion of shifts in the glass transition temperature. One example of this use is the study of the 
curing and thermal degradation of thermosetting resins by monitoring Tg.(IV-89) this study, 
changes of over 80°C in Tg were noted. Another potential use may be for determining the degree 
of crystallinity throu^ measurements of the melting pomt.(IV~^^) 

9. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry is somewhat similar to DTA. However, DSC is more 
quantitative than DTA m regard to measurement of qumtities of heat, i.e., DSC has a higher 
calorimetric accuracy than DTA. The dependent vanable on the output curve of a DSC is pro- 
portional to the difference in rates of heat transfer between the sample and the reference mate- 
rial. The two factors which are necessary to the generation of quantitative energy data are 
(1) a controlled heat path mto the sample and reference materials and (2) location of the tem- 
perature sensors external to the sample. Two approaches to these requirements appear to have 
been taken. The approach used by Perkin-Elmer, among others, is shown in Figure IV-44.(^V"^^) 

pt 


sensors 



Individual heaters 


FIGURE IV-44. SCHEMATIC OF PERKIN-ELMER-TYPE DSC CELL 

With this arrangement, the sample and reference material are provided with both separate temper- 
ature sensors and heaters. As the temperature is scanned, the sample and reference temperatures 
are continuously mamtamed at the same level by adjusting the power which is supplied to them. 
The differential power input is then recorded as the ordinate on the output chart. The second 
approach is that used by DuPont (see Figure IV- 45 ).(rV- 85 ) Here, a thermoelectric disk of 
closely controlled dimension and configuration acts as the maj'or path of heat flow mto the 
sample and reference. The disk provides one leg of a thermbjunction while the other leg is made 
by attachmg thermocouple wires to the disk. Then, under operating conditions, the differential 
of heat flow into the sample and reference materials is proportional to the differential temperature 



FIGURE IV-45. SCHEMATIC OF DuPONT DSC CELL 
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Calorimetnc sensitivities as low as 3 /ical/sec have been reported (for DuPont Model 910).^^^“^^) 
Also, a calonraetnc precision of ±1 percent and a calorimetric accuracy of ±0.2 percent have been 
given,(^^"^l) It IS not clear why the accuracy is shown to be better than the preasion. 
Temperature-calibration reproducibilities are ±0.5°C for the Perkin-Elmer mstrument and ±1°C 
for the DuPont instrument. 

As with DTA, many DSC mstruments are modular. The DuPont DSC cells cost about $7,000 
(programmer and recorder cost about $13,000). Temperature ranges for DSC’s are -190°C to 
725°C. Again, samples may be run in a variety of gaseous environments ranging from 0.01 torr 
to about 1000 psig. Sample sizes range from about 0.1 to 100 mg. As with DTA, the act of 
thermally scanning a sample may or may not produce irreversible changes. 

One pnmary use of DSC is in the measurement of heats of transition at first-order transi- 
tions. An example of this is the heat of fusion; also, the degree of crystallinity may be correlated 
with the heat of fusion. The DSC may also be used to determine specific heats and heat effects 
associated with material decomposition, polymerization, and curing of thermosettmg resins. 


10. Thermogravimetric Analysis (TGA) 


Thermogravimetric analysis is a technique whereby the change m weight of a sample can be 
measured as a function of temperature. A schematic of a TGA instrument is shown m Fig- 
ure Many of the commercial instruments use Cahn electrobalances. These are 

null-type balances, in which beam displacements caused by weight changes are detected with a 
light beam-shutter-photocell arrangement. A schematic of the Cahn RG electrobalance is shown 
in Figure IV-47.(I Changes in sample wei^t cause the beam to deflect momentarily. This 
motion produces a change in the phototube current which is amphfied and fed to the coil at- 
tached to the beam. The change in coil current while m the field of the magnet produces a 
torque on the beam which restores it to its origmal position. The coil current thus serves as an 
indicator of weight change. The Cahn RG electrobalance has a capacity of 2.5 g and a sensitivity 
of 0.1 jUg. A number of companies, including Perkin-Elmer, make TGA’s based on Cahn-type 
thermobalances. 



FIGURE IV-46. SCHEMATIC OF TGA INSTRUMENT 
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FIGURE IV-47. SCHEMATIC OF CAHN RG ELECTROBALANCE 

DuPont makes a somewhat different TGA, a schematic of which is presented in Figure IV-48. 
The horizontal configuration, used to avoid buoyancy and aerod)manuc effects, permits axial 
flushing of the furnace tube with various gases. This mstrument has a capacity of I gram and a 
sensitivity of about 1 tig. The temperature range is room temperature to 1200 C, and the pressure 
range is 1 toir to 1 atmosphere pressure. The TGA is a module for the thermal analysis system 
and costs about $8,500. Precision and accuracy of weight measurements are 0.4 and 1.0 percent 
of full scale, respectively. Depending upon the sample size, as little as O.S percent of the sample 
weight may be displayed full scale. 


ELECTROMACNETIC 

^BSLUNCE 



FIGURE IY-4S. SCHEMATIC OF DuPONT THERMO- 
GRAVIMETRIC ANALYZER 
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As with DTA, many factors can influence the shape of a TGA curve. Instrumental 
factors which are important are furnace heating rate, recording or chart speed, furnace atmosphere, 
geometry of sample holder and furnace, sensitivity of recording mechanism, and composition of 
sample container. Important sample charactenstics are amount of sample, solubility of evolved 
gases m sample, particle size, heat of reaction, sample packmg, nature of the sample, and thermal 
conductivity. These factors must be considered when attempting to look for small changes in 
weight associated with degradation. The method is necessarily destructive of the sample. 

TGA should be useful in degradation studies in determining changes in amounts of additives 
such as plasticizers and UV stabihzers. The effluent from the gas purge may be further analyzed 
by gas chromatography, mass spectrometry, etc. 


11. Thermomechanical Analysis (TMA) 


Thermomechanical analysis is one of the newest of the thermal analysis techniques. A 
schematic of the DuPont TMA module is shown in Figure IV-49. The transducer in the TMA 
is a linear variable differential transformer that detects linear movement of a probe in contact 
with the sample. Various types of probes may be used for detectmg different thermomechanical 
properties as the sample’s temperature is scanned. These probes are shown in Figure 
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FIGURE rV-49. SCHEMATIC OF DuPONT TMA MODULE 
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In the expansion mode, changes in sample length are measured directly. The slope of the 
resulting curve is the coefficient of thermal expansion. The glass transition temperature may be 
observed by the change in slope of the expansion curve, while the melting temperature can be 
observed as a sudden change in dimension. The temperature range of operation is -160°C to 
1200°C. The maximum sensitivity is 50 ^m. of probe deflection per inch of chart paper. 

Lineanty is ±1/2 percent up to ±0.05-inch total displacement. Various size samples up to 
0.375 inch in diameter may be used- 

With other probe configurations, the TMA may be used to obtain softening temperatures, 
tensile modulus, compression modulus, shrink temperatures, viscosity, and stress relaxation. The 
price for the DuPont TMA module is about $7,000, It uses the same programmer and recorder 
as that used with the DSC and other instruments. 

With regard to degradation studies, TMA should be useful'in detecting changes in glass transi- 
tion temperatures, as well as in providing quantitative data on changes in coefficient of the 
thermal expansion. 


12. Infrared Thermovision 

Infrared thermovision is a name applied to several commercial instruments which are used 
for detecting temperatures or temperature differences by measuring the infrared thermal radiation 
emitted by objects. A schematic of the instrument’s sensing system is shown in Figure IV-51. 
Radiation emitted by an object is collected by a lens system, the object being scanned by a sys- 
tem of prisms. The radiation is then focused onto an infrared detector, the voltage output of 
which is sent to a television-type display unit. The display may be either black and white, in 
which lifter areas represent higher temperatures, or colored in which different colors represent 
different temperatures. 


CAMERA LENS OPTICAL-MECHANICAL SCANNER TRANSFER OPTICS DETECTOR 

' HOUSING 

Rotary chopper 16 rps 



FIGURE IV-51. SCHEMATIC OF SENSING SYSTEM OF INFRARED 
THERMOVISION SYSTEM 

One of the most popular instruments is the AGA Thermovision Model 680. This instrument 
utilizes an indium antimonide detector, which is sensitive to radiation in the wavelength range 
2 to 5.6 microns. This instrument is capable of measuring temperatures between -30 and 2000° C. 
Temperature resolution is better than 0.2°C for an object temperature of 30°C. For higher object 
temperatures, the resolution generally increases. These resolutions depend upon the object being 
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a black-body radiator. If the object being viewed is not a black body or is partially transparent 
over the wavelength range 2 to 5.6 microns, measured values of temperature or temperature dif- 
ferences must be carefully evaluated to obtain correct values. 

Spatial resolution is on the order of J-mm spot sizes. The system, including the camera, dis- 
play unit, and carts, weighs around 140 pounds. The units are mounted on wheels and would 
thus be fairly portable. Electrical power and liquid-nitrogen, cooling for the detector are required. 
The instrument may be set up in a short amount of time and scans may be taken rapidly. With 
the AGA system, the time-consuming part is the data reduction. 

AGA Thermovision systems have already been used in testing solar cells. The system was 
used to monitor hot spots caused by a shorting path mode of degradation in copper sulfide- 
cadmium sulfide, thin-film solar cells.(^"^"^^) Another study was conducted on silicon solar cells 
which were covered with 0.006-mch-thick silica coverslides cemented to the cells with 
Silgard 1 following defects were purposely introduced separately mto the 

modules: (1) tabs on the solder bar were unsoldered, (2) the solar cell was broken in one 
comer, (3) the mesh interconnects were disconnected from the back of a cell, (4) the solar cell 
was not bonded to the substrate, and (5) a cell was partially shorted via a gnd to the substrate. 

An attempt at using the system with the module being illuminated with a solar simulator was 
unsuccessful because of multiple mfrared reflections. The technique was successful when the 
mod ides were viewed in an IR quiet area, with the cells being heated by passing a reverse current 
throu^ them. Defects that were easily picked up were broken, debonded, shorted, and discon- 
nected cells. The cells with defects were either hotter or cooler than other cells, depending upon 
the nature of the defect. 

While some successful results have already been obtained, it is judged that further work would 
need to be done to determme the applicability of such a system to measuring quantitative changes 
in performance. The complications noted above for non-black-body radiators and partial trans- 
parency m the wavelength range of mterest would have to be considered. On the whole, it is felt 
that this technique may have considerable merit in momtoring solar-cell modules. 

In addition to AGE, thermovision instruments are manufactured by Barnes Engmeering, 

Texas Instruments, Dynarad, and Spectrotherm, among others. AGA also makes a Model 750 
which is more portable but also less vematiie than Model 680. The cost of Model 680 is about 
$45,000. 


13. Summary — Thermal and Mechanical Measurement Techniques 


• Since the properties of polymers are in some cases very sensitive to the ^ass transition tempera- 
ture, it is recommended that this property be measured by a suitable means. The simplest and 
most rapid methods for measuring Tg appear to be differential thermal analysis and differential 
scanning calorimetry. In the absence of specific information regarding the accuracies of these 
two techmques with regard to measurement of Tg, DSC measurements are recommended since 
the resulting thermograms can be interpreted quantitatively. 

• An alternative method for obtaining Tg is dynamic mechanical measurements. In addition to 
providing a measure of Tg, this family of techmques yields potentially valuable information on 
the mechanical behavior of the materials. If these measurements are undertaken, the measure- 
ments by DTA or DSC ivill probably be unnecessary. Dynamic mechanical measurements would 
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thus be recommended over DTA or DSC. Since temperature is a more important variable than 
frequency for dynamic mechanical measurements, any of the previously descnbed techniques 
may be used, depending upon availability and ease of measurement. 

• The applicabihty of infrared thermovision in diagnosing degradation m solar-cell modules re- 
quires and merits further characterization. The mfrared transmission of the various cover and 
adheave materials needs to be examined over the wavelength range to which the instrument is 
sensitive. Also evaluations need to be made of the spectral emittance of opaque matenals and 
of the possibility of radiation from these materials being propagated through the cover and 
adhesive materials. Infrared thermovision has already been demonstrated as being of value in 
detecting the presence of defects as evidenced by certain areas of modules being hotter or 
colder than surroundmg regions. Further testmg will be required to establish quantitative 
relationships, such as apparent temperature differences versus a quantitative measure of the 
degree of the defect. 

• The applicabihty of ultrasonic techmques also requires and merits further testmg and evaluation. 
A theoretical analysis appears to be necessary m order to interpret the vanous echo signals 
which may be received. Some experimental testing will be needed in order to select optimum 
transducers and locations. It is considered that ultrasonic methods have a great potential for 
apphcabihty in this area, and thus tests should be conducted on cells with and without defects 
in order to establish the potential magnitudes of changes in ultrasonic signals that may be 
expenenced. 
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F. OTHER “PHYSICAL” TECHNIQUES 


1. Background 


This measurement category includes those techniques which are considered to fall outside of 
the scope of the efforts in the other categones either for technical reasons or for the convenience 
of the overall effort. Three primary candidates of interest are investigated in detail in this category — 
profilometry, photoacoustic spectroscopy, and water vapor/gas permeabihty. These are discussed 
below. 


2. Profilometry 


The stylus profilometer has been a major engineermg tool for measuring surface topography 
and surface roughness for many years. Profilometry was developed in the late 1930’s as a result 
of the need to characterize the engineering surfaces used m the new (at that time) high-performance 
aircraft engmes. The mstrument consists basically of a diamond stylus that moves horizontally rel- 
ative to the surface of the test sample. The vertical displacements of the stylus are detected and 
converted to analog or digital signals that can be recorded on strip charts or displayed on appro- 
priate meters. In some cases, the sample is moved and the sensmg head is stationary, while in - 
others, the stylus is moved across a stationary sample. The techmque displays an accuracy com- 
parable to that of the X-ray and optical mterference techniques used in the measurement of film 
thicknesses and profiles. Vertical resolution for standard stylus-type measurements is 
limited to about 20 A by the electrical and mechanical noise associated with the measunng instru- 
ment. The horizontal resolution depends on the contour of the stylus tip, although it is not limited 
to lateral geometries larger than the stylus-tip diameter. Reference (IV-95) gives an excellent ex- 
ample of a high-resolution profile in a senes of strips 3 5 /mi wide and 450 A thick made by usmg 
a 0.0005-inch (~13 /ini)-radius stylus 

The combming or direct mterfacmg of profilometers with digital computers over the past few 
years^^^"^^*^^”^"^) has had a major impact on the accuracy and effectiveness of the technique 
The use of the computer greatly simplifies the task of analyzing and evaluating the data to deter- 
mine average and rms surface roughness and eliminates the element of individual interpretation 
present in the graphical analysis techniques previously used. In addition, computer processing of 
the data can include elimmation of the contributions of electrical noise and instrument drift. 

Limit sensitivities of the order of 5 A (signal/noise = 1) are reported for configurations of this 
type. 


In selecting instruments for characterizing the surfaces of encapsulation materials, and par- 
ticularly degradative changes of these surfaces associated with abrasive or chemical attack, it should 
be kept in mind that it whl probably be desirable to look at those surfaces at several different 
levels of magnification. Certain types of chemical attack (e.g., certam leaching or etching reac- 
tions) may result in a high density of relatively small pits or defects that might appropriately be 
evaluated by SEM studies. Other types of chemical and abrasive attack could have a more gross 
effect on surface roughness which mi^t, for example, ultimately result in increasing the dirt ac- 
cumulation rate. Some of these types of effects might better be studied, particularly where 
quantitative assessments over large areas are desired, by profilometry. Profilometry provides a 
quantitative measure of surface roughness in its range of sensitivity, and* evaluation of the data'. 
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especially when coupled with a computer, is reasonably straightforward. It should also be pointed 
out that it IS not essential that the computer interface directly with the profilometer The data 
can be recorded in digital form (e.g., on tape) at the measurement site and transported to the 
computer for processing in cases where no on-site computer is available. 

In view of the sensitivity and accuracy of present-day surface profilmg instruments, and par- 
ticularly considering the’quahtitative nature of the information it supplies, it is felt that profd- 
ometry can be a useful tool m degradation and ’hfe-festing' studies, particularly in environmental 
situations where abrasive or other forms of relatively gross' attack are potentially significant factors. 
Profilometers are available from Taylor Hobson, Inc!, of Leicester, 'England (Talysurf); and Sloan 
Instruments (DekTak), among others, at a cost of about $10 K and up. 


3. Photoacoustic Spectroscopy 


Photoacoustic spectroscopy (PAS) is a technique -which has only recently found application m 
the study of solids, although its origin can be traced to early studies of the “opto-acoustic effect” 
in gases by Alexander Graham Bell and others in the 1 880’s.(^^“^®) The technique consists of 
iUummating a sample with a modulated, high-intensity, monochromatic h^t beam (UV-visible- 
near IR) while it is enclosed in a sealed, small-volume cell which also contams a sensitive micro- 
phone. The incident light is absorbed by the sample, resulting in the excitation of electrons to 
hi^er energy states. These electrons then decay back to the lower energy states through primarily 
nonradiative processes, thereby creating a penodically varymg (due to the modulation) heat distn- 
bution m the vicinity of the point of absorption ' This heat diffuses to the surface of the sample 
where it creates periodic pressure waves m the gas-boundary layer. These are propagated throu^ 
the bulk of the gas to drive the microphone and produce the output signal. Both the amplitude 
and the phase of the signal contribute useful information. These signal properties depend upon a 
number of factors, includmg the optical absorption and thermal diffusion properties of the sample, 
the modulation or chopping frequency, and the cell/sample ‘geometry. A block diagram of a com- 
mercially available unit (Guilford Instrument Lab Model R-1500) is shown in Figure IV-52.(^^“^^) 
The basic instrument consists of a light source with either an electrical or a mechanical modulation 
capabihty (the illustrated unit incorporates both), a monochroiiiater, the sealed sample cell (the 
illustrated unit incorporates two cells to allow comparisons with reference cells or the production 
of difference spectra), and suitable electronics for determining and displaying the amplitude and 
phase of the output. Figure IV-53 shows the elements of one type of PAS ceE design. 

The cell is basically a sealed unit with a transparent window for light admittance containing some 
means of sample support and the sensing microphone The physical dimensions of the cell and 
the thermal properties of the gas are important factom in determinmg the sensitivity of the photo- 
acoustic spectrometer.(l^"^^^) 

PAS can be used to study both the optical absorption properties and the thermal diffusivity/ 
thermal conductivity properties of a material.’ A prmcipai advantage of the technique is its ability 
to obtain spectra directly from various types of solids such as crystals, powders, gels, and other 
forms and types of materials where scattered light or opaqueness might present a significant prob- 
lem for more conventional spectroscopies. The technique has been used advantageously m studies 
of biological materials (PA-Z), organometallic compounds^^^"^^-^), and nonradiative processes in 
luminescent solids(^^"l®^), and in the separate determmation of bulk- and surface-absorption 
coefficients in weakly absorbing materials(^Y"l*^4) 
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FIGURE IV-52. BLOCK DIAGRAM OF GILFORD R-1500 SHOWING THAT 
EITHER ELECTRONIC MODULATION OF LAMP POWER 
SUPPLY OR MECHANICAL MODULATION CAN BE USED 
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FIGURE IV-53. SMALL-VOLUME PHOTOACOUSTIC CELL (40 MM^) 
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In the study of the degradation of encapsulant matenals and encapsulant systems for photo- 
voltaic applications, PAS offers several potential advantages as a laboratory tool. 

• PAS provides detailed information on changes in both the optical and thermal 
properties of matenals. 

• PAS has the capabdity of measunng changes m bulk optical properties m cases 
where unrelated degradation of surface properties (e.g., abrasive attack) might 
make characterization by more conventional techniques extremely difficult 

• With PAS, by varying the region m which the photon energy is deposited (i.e., 
by varying the wavelength of the incident radiation), it may be possible to 
obtain information that allows discrimination between several degradation modes/ 
mechanisms occumng simultaneously. 

• With PAS, with proper choice of photon wavelength and modulation frequency, 
changes in the properties of bonds at matenal interfaces might be detected, 
thereby providmg a means of predicting delammation.(I^~102) 

The ultimate usefulness of this technique, including its sensitivity, accuracy and precision for 
specific applications m this area cannot be fully determined from information presently available. 
A program to experimentally investigate the usefulness of the technique for these studies is cur- 
rently under way at the Jet Propulsion Laboratories and should soon provide some insight. The 
potential advantages of the techmque clearly warrant a careful investigation of possible evaluative 
areas in which it might be used. 


4. Water Vapor and Gas Permeability 


The permeability of materials used m photovoltaic modules to gases and water vapor is of 
mterest in degradation studies from two pomts of view. On the one hand, it controls the level 
of exposure of those elements of the module that are vulnerable to attack by water vapor, oxygen, 
and other corrosive agents, hence, increases in permeability to these agents could be precursive of 
increased rates of attack by them. On the other hand, changes in the permeability of polymers 
are generally the result of structural, morphological, and chemical changes that could lead to failure 
because of noncorrosive effects such as embrittlement, weakening of bonds, etc., in which case, the 
permeability is a potential diagnostic tool for detecting and measuring such changes. The permea- 
bility (P) of a material to a gas or vapor is the product of the solubility (S) of the gas or vapor in 
the barner material and its diffusivity (D) m and through the matenal: P = S*D. This quantity 
(P) can be directly measured and is normally expressed as the rate of transfer of the penetrant 
(e.g , cm^/sec) per umt area, per unit pressure differential, and per unit thickness of the barner 
matenal. The diffusivity is basically related to the physical limitations of diffusion, such as the 
size and shape of the penetrant molecule and the size and shape of the spaces or passages m the 
solid matenal through which the molecule must pass. The solubility is mfluenced by interactions 
between the penetrant molecule and the surrounding medium due to molecular forces such as 
those associated with the degree of the molecule’s polarity and the medium. There are a number 
of ways to determine S and D from permeability data when that is desired. In some cases, inde- 
pendent data on solubility can be obtained without great difficulty (e.g., from immersion tests in 
the case of water vapor), thereby permitting calculation of D. This approach can, however, be 
difficult for species exhibiting low solubility. Alternatively, diffusion coefficients and diffusivi- 
ties can be deduced from studies of the kmetics of sorption and transmission processes in the 
transient (nonequilibrium) stage.ClV-105) 
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Permeability measurements are generally made by impressmg a pressure or partial pressure 
gradient of the gas or vapor across a sheet of the material and measuring the rate at which it is 
transmitted to the low pressure side. The means of measuring the transmission rate vanes with 
the penetrant species and the level of sensitivity desired. In the ASTM methods (E-96-66 and 
C3 55-64) for measuring water-vapor transmission, the film materials are sealed over a dish or 
container in which desiccant (or water) has been placed. The change m weight due to the 
absorption (or escape) of water is measured to determine the transmission rate. Some of the 
more advanced systems use IR detection systems to measure water vapor and carbon dioxide 
transmission rates(^^"^®^), and one manufacturer uses a “coulometric” fuel-cell-type detector 
to measure oxygen transmission ratesCIV-1 07) These techniques offer advantages in speed and 
sensitivity. 

The permeability of polymeric films to water vapor, carbon dioxide, and oxygen has been 
of concern to the packaging industry for many years and considerable information has been 
developed and published in this area. The importance of water vapor permeability in photo- 
voltaic module construction materials was recognized early in the terrestnal photovoltaic module 
development program, and studies of this property for a number of candidate materials have 
been conducted. These studies have used variations on the desiccant absorption tech- 
nique, for the most part, to measure transmission rates, althou^ one interestmg current study 
involves the use of humidity sensors imbedded at various positions in the encapsulant (IV-109) 
Studies on the barrier properties of encapsulation materials are already a well-established part of 
the LSSA encapsulation program so that recommendations on the use of permeabihty measure- 
ments for such studies are not needed. It is worthwhile to emphasize that such studies should 
mclude a careful exammation of the conditions which will exist in operating modules (e.g., 
temperature gradients, interfaces) in order to determine the actual impact of differences in 
barrier properties. 

The potential of permeability as a diagnostic tool for studying changes in polymers has 
been indicated in recently reported studies by Professor C. Rogers of Case Wester n Reserve 
University. His investigations of the effect of UV exposure on the permeability of poly- 
mers to water vapor and nitrogen have shown clear correlations between the degree of oxidation 
(carbonyl concentration) of the polymer, as determined by FTIR measurements, and changes in 
the permeability properties. Detailed examinations of the solubility and diffusivity have per- 
mitted deductions concerning the nature of some of the changes occurring (i.e., structural densi- 
fication, increases in polarity). The potential applicability of permeability measurements as a 
laboratory technique for studymg degradation associated with structural and chemical changes in 
polymers is apparent from these studies. One might ultimately envision a diagnostic test in which 
the permeabilities of a senes of gases or vapors of various molecular sizes and polar charactenstics 
are used to characterize degradative changes in polymers. The question of the advantages of 
permeability measurements as compared with competing techniques that might characterize struc- 
ural and chemical changes is addressed in Section V of this report. 

Water-vapor-transmission measurement equipment is commercially available from several 
sources, including the Thwing-Albert Instrument Company of Philadelphia, Pennsylvania; and 
Modem Controls, Inc., of MmneapoHs, Minnesota, at costs in the range of $2000 to $22,000. 
Sensitivities of 0.01 g/100 in.^/24 hr and better are achievable, and accuracies of 2 to 5 percent 
are quoted (perturbed by thickness and/or transmission rate). Repeatability ranges from ±2 to 
±30 percent, also depending upon transmission rate. 
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Modem Controls also produces instrumentation for measuring transmission rates of gases 
(O 2 and CO 2 ) at costs of $7000 to $22,000. Sensitivities pf these units, which use IR radiation 
at specific wavelengths as the sensing mechanism, are of the order of 0.002 cc/100 in.2/24 hr 
for films. Accuracies and repeatabilities are similar to those quoted for WVTR measurements 
above. 


5. Summary — Other “Physical” Techniques 


• Profilometry, when combined with computer processmg of the data, could be a powerful tool 
for quantitative assessment of changes in surface roughness over large areas, such as that which 
mi^t occur due to abrasive attack of photovoltaic module covers. 

• Photoacoustic spectroscopy (PAS) offers some potentially umque capabilities m studying optical, 
thermal, and possibly bonding characteristics of polymers. Experimental evaluations that are 
needed to demonstrate its capabilities in the context of studies of photovoltaic module degra- 
dation have been initiated at JPL. 

• Permeability measurements of polymenc materials are important for establishing their barrier 
properties against potential corrosive agents; however, these measurements could also be useful 
m diagnosing chemical and structural changes associated with degradation modes that are not 
related to corrosion. As with PAS, experimental evaluations and developmental work are 
required to demonstrate these capabilities, and such an mvestigation is under way at Case 
Western Reserve University. 
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V. SELECTION CRITERIA AND COMPARATIVE 
ANALYSIS OF TECHNIQUES/INSTRUMENTS 



V. SELECTION CRITERIA AND COMPARATIVE 
ANALYSIS OF TECHNIQUES/INSTRUMENTS 


A. SELECTION CRITERIA* 


A key requirement of an accelerated/abbreviated test for photovoltaic modules is the early 
detection of change in any module component. The need for measuring very small changes is 
emphasized throughout this report. Analytical instruments ivith precision adequate for detecting 
and charactenzmg these small degradative changes are required. To develop an idea of the mag- 
mtude of the problem, let us assume that the component of interest degrades by a first-order 
process. In this case, the following relationship is applicable 


Pt = Poe-^^ 0) 

where P^ is the property level at time t, Pq is the property level prior to the onset of degradation, 
t is time in days, and k is the first-order rate constant for the degradative process. Now, if we 
assume a specific amount of degradation by the end of the twentieth year, the rate constant, k, 
and the fractional degradation for any time penod can be calculated Some representative cal- 
culations are shown in Table V-1. Of course, without defining a specific application and its 
requirements, one cannot determine the limit of power output degradation which represents array 
failure However, it is obvious from Table V-1 that very sensitive instruments are required for 
early detection of change. 

TABLE V-1. FRACTIONAL DEGRADATION FOR VARIOUS ELAPSED 
TIMES BASED ON VARIOUS AMOUNTS OF TOTAL 
20-YEAR DEGRADATION 


Assumed Degradation 
at End of 20 years, 
percent 


Fractional Degradation Expected to Occur 
at End of Time Shown, percent 


1 Day 

30 Days 

90 Days 

180 Days 

270 Days 

360 Days 

20 

0.000 

0.001 

0.003 

0 006 

0.008 

0.011 

40 

0.001 

0.002 

0 006 

0.013 

0 019 

0.025 

60 

0.001 

0 004 

0011 

0.022 

0.033 

0.044 

80 

0.002 

0.007 

0.020 

0.039 

0.058 

0 076 


Before discussing mstrument requirements further it is necessary to define some terms used 
in describing these requirements: precision, accuracy, sensitivity, and selectivity. Precision and 
accuracy are often used mterchangeably although they are two different entities. The difference 
is discussed in detail in Reference (III-3) In brief, precision refers to the closeness of repeated 
measurements to one another and thus to the mean value, while accuracy refers to the closeness 
of test measurements to some reference value 


*The selection cnteiia used m evaluating measurement techniques/mstruments in this study are hsted m Table IV-2 
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As discussed m Reference (III-3), precision, being a measure of the spread or dispersion of 
data pomts around their mean value, can be described in terms of several different quantities, 
mcluding the mean deviation, M, 


N 

i ix,-xi 

M (2) 


or the more commonly used standard deviation, a, 


a = 


N 


^ (Xi - X) 
1 = 1 


N- 1 


1/2 


and, alternatively, the coefficient of variation, CV, 


( 3 ) 


cv = ^ , w 

X 

where N is the number of data points, X is the mean value, and Xj is the value of an mdividual 
measurement or data point. 

Sensitivity, a sometimes misused word, refers to the smallest quantity or concentration of a 
substance that can be detected. Preferably, the less ambiguous term, “lower limit of detection” 
should be used.(^~^^ The magnitude of the lower limit of detection is based on the ability to 
differentiate between a signal representative of the substance sought and the absence of that signal 
Finally, selectivity is a measure of the degree to which extraneous substances interfere with the 
signal from the substance of interest. 


1. Estimation of Necessary Precision 


If several simplifying assumptions are made, one can roughly estimate the coefficient of van- 
ation required to detect fractional changes of the size indicated in Table V-1. First, let a general- 
ized value m the table be denoted 7 , where 


T = 


Pt-Pp 

Po 


( 5 ) 


and Pt and Pq are as defmed earlier. Furthermore, assume that_pQ is Imown without error and 
that measured values of Pq are normally distributed with mean Pq and standard deviation o. 

Now assume that after a time t (very small m relation to the time required for total degradation), 
a property measurement P^ is made and it is desired to know the mmimum property change, 

Pq - P^, that can be detected with 95 percent confidence. Using a one-tailed test, one can write 



a 


> 1.64 


( 6 ) 
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Now since t was selected to give little if any degradation, one can see that P is relatively constant 
over the given interval so that one can write 


Po-Pt 

° -zr - > 1.64 , . (7) 

CV (P) 


where CV is the population coefficient of vanation, — and P is the property mean over the time 

_ P 

mterval Smce Pq - Pt « 0, one can write P « Pq so that 


Po-Pt 

p -— > 1.64 (CV) , 
^0 


( 8 ) 


or 


7 > 1.64 (CV) , 


(9) 


or 


CV< 


7 

1.64 


( 10 ) 


Thus to detect a fractional change 7 , the coefficient of variation must be no larger than approxi- 
mately 7 / 2 , where again 7 represents any general entiy in Table V-1. Therefore, even if the 
assumptions would change this result by a factor of 2 in the direction favorable to the experiments, 
the coefficient of vanation should then be about the size of the table entries. Thus, for example, 
if one expects to detect degradation after 90 days (again using the assumed first-order degradation 
kinetics), the test coefficient of variation required would be roughly 0 3 percent to 2 percent for 
20-year degradation levels of 20-and 80 percent, respectively. Although admittedly very rough. 
Equation ( 6 ) will give an approximation to the precision levels required for a candidate test. 


2. Test Stability Over Time 


Measurements of property changes of photovoltaic array components will be made over rela- 
tively long periods of time. In addition to a high level of precision, sensitivity, and selectivity, 
the ideal measuring instrument must be stable over time. This implies that it must be insensitive 
to or capable of being cahbrated to negate effects of factors such as temperature and humidity 
changes and operator technique, which may fluctuate from day to day even m a well-controlled 
laboratory experiment Unfortunately, few 'if any analytical instruments are completely stable 
with such changes. The degree and nature of the mstabilities and the possibility of compensating 
for them must be considered in determimng which instruments are selected for monitormg array 
degradation and what precautions have to be taken in designing the testing program. For example, 
if an instrument exhibits wide variability from laboratory to laboratory, it may be advisable either 
to find an equivalent stable instrument/ test or, alternatively, to do all such testing at a single lab- 
oratory. Likewise, if mstabilities exist over time for any reason, it may be desirable to accumulate 
a large number of specimens and test them all at once. It is desirable then, for any analytical test 
considered for array-component-degradation testing, that as much as possible be known about the 
test’s stability. It is not possible to make a general statement as to the level of mstability which 
will disqualify a test from consideration. However, for two sundar tests, all other considerations 
being equal, the one less sensitive to extraneous factors will be most useful. 
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One way to deal with the kinds of measuring-instrument instabilities discussed above is to 
use standard samples, if available. For example, suppose that two different laboratories measure 
supposedly identical samples of an aged polymer film and get different values, say 40 and 45, due 
to the existence of one or more instabilities in the measuring instrument If a reference standard 
were available, it would allow determination of whether or not the test values of 40 and 45 rep- 
resented real material differences. In the example, if the two laboratones measured nearly identical 
values for the reference sample, it would be an indication that the two polymer films did actually 
differ. If, on the other hand, the two laboratones differed by about five units for the reference 
sample, it would be concluded that the two film samples were the same. Standard reference 
samples such as those supplied by the National Bureau of Standards are therefore quite useful. 

For many applications, however, good reference standards do not exist. For example, no applicable 
reference standard exists for measurements of the degree of carbonyl formation on the surface of 
an acryhc array cover. 


3. Sources of Information for Test Stability 


Information on test stability is generally found by running interlaboratory or round-robin 
tests. Typically, such a test mvolves random selection (if possible) of several laboratories equipped 
to run the test. Each laboratory is then sent a set of nominally identical samples along with in- 
structions for runmng the test. The test is then run at different times, with different operators, 
etc., depending upon which components of variance (i.e., sources of test instability) are suspected 
as bemg significant. A typical experimental design for such a program is shown in Figure V-1. 

Here each laboratory is to test four samples on each of three different randomly selected (to the 



FIGURE V-1. EXPERIMENTAL DESIGN FOR INTERLABORATORY TEST 
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extent reasonable) days On each of these days, two different operators will test two duphcate 
samples each. Analysis of the data from such a design allows the vanance due to each source of 
variation to be estimated. The ideal outcome, of course, is to have none of the sources exhibit 
significant variability aside from that due to rephcation error. In such a case, the test can be run 
m any laboratory with any qualified operator on any day with reasonable assurance of stable test 
results. On the other hand, significant variance of laboratory, operator, or day sources would 
necessitate a more rigid experimental design, as discussed earlier. 

Interlaboratory test data could be extremely useful in a meaningful experimental program for 
measurement of array-component degradation. Once the candidate tests have been identified, a 
search should be made for such mformation The Amencan Society for Testmg and'Matenals and 
the National Bureau of Standards are two organizations concerned with such testing and should be 
contacted in an effort to obtain available test results If such results are not available, it will be 
desirable, if not necessary, to set up such a test The test need not’ be an mterlaboratory test. If 
it is determined that only one laboratory is sufficient, a similar test plan can be set up to evaluate 
only operator, day, and replicate variability. The first 12 tests in Figure V-1 would then represent 
one such design. 


4. Comparison of Tests Which Measure the Same Phenomenon 


When two tests which measure the same underlying phenomenon are compared, knowledge of 
lower detection limit, precision, accuracy, and selectivity for each test is not always sufficient to 
determine which is best capable of sensitively measuring small amounts of degradation. For ex- 
ample, Tests M and N may have standard deviations of 1 and 2, respectively. Suppose that durmg 
the course of material degradation property M changes from 90 to 80, whereas property N changes 
from 140 to 110 Clearly Test M is preferred over Test N only if the range of test values is the 
same for both tests. In this example, this is not the case. MandelC^"^) developed a unitless quan- 
tity, the relative sensitivity of Test M compared to Test N or RS(M/N), to make such comparisons 
with vahdity. This quantity has been discussed in an earlier report^^^^"^), but is repeated here be- 
cause of its relevance to the task at hand, i.e., comparison of techniques 


Mandel’s Sensitivity Ratio 

Suppose that two test methods, M and N, both measure the same property — say Q. If M is 
a function of Q and N is a function of Q, it follows that M is functionally related to N. Suppose 
that the standard deviation of Test M is and that of Test N is Mandel has shown that the 
two tests can be compared by a quantity called the relative sensitivity of Test M with respect to 
Test N, RS(M/N), where 


RS(M/N) = — . (11) 


Note that the relative sensitivity is unitless and favors Test M when RS(M/N) > 1 and Test N when 
RS(M/N) < 1. This concept is illustrated m Figure V-2 where the differentials are shown as AM 
and AN. Careful inspection of this figure will indicate that RS(M/N) is not necessarily constant, 
but will vary from point to point dependmg upon the shape of the sensitivity curve and whether 
or not the standard deviations are constant. Thus, one cannot say that Test M is “better” than 
Test N unless RS(M/N) > 1 for all values of M and N. In the special case when dm/dn, ajyi, and 
crjq are constant, the relative sensitivity will, of course, also be a constant 
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Test N 

FIGURE V- 2 . ILLUSTRATION OF RELATIVE SENSITIVITY 
OF TWO TESTS, M AND N 


As an example, suppose that one has the properties, Pj and P2, from two different test 
methods, each of which can follow the degradation of, say, a polymer film as a function of ex- 
posure time, t. Furthermore, suppose that Pj and P2 have equal standard deviations and de- 
crease with exposure time, t, accordmg to the foUowmg relationships: 

Pl(t) = PlO + l^lf + bnt2 (L 

P2(t) = P20 + . (1- 

where Pjq and P20 are initial property levels for tests Pj and P2, respectively, PjCt) and p2(t) 
are property levels at time t for tests P^ and P2, and b j, bji. and b2 are constants Solving 
Equation ( 13 ) for t and substituting in Equation ( 12 ) yields 


Pl(t) = PlO 


P 2 ffl - P20 

b2 


>1 . r ^2(t) - P20I ^ 

j ■ 


Then the relative sensitivity of test Pi with respect to test P2, RSCP1/P2), is as follows 


RS(Pi/P 2) = ^ = 7o + T1 P 2 W , 


ORIGINAL 
OF POOR QUALITY 



where 


and 



71 



As a specific example, suppose one has 

Pl(t)= 100-5t-0.5t2 


0 < t< 10 


and 


P 2 (t)= 100- lot 


0<t< 10 . 


( 16 ) 

(17) 

(18) 
(19) 


These relationships are shown in Figure V-3. 

Then 7 q = 1.5 and 71 = -0 01, and one has 

RS(Pi/P 2) = 1 5 - 0 01 P2 . (20) 

This relationship, shown m Figure V-4, indicates that at P2 = 50 (or t = 5) the two tests are 
equally sensitive At P2 < 50 (i.e,, t < 5), Pj is more sensitive, and at P2 > 50 (i.e., t > 5), 

P2 is. more sensitive. The results are similar if ai =5^ 02, in which case Jq and 71 are both multi- 
phed by the constant a' 2 jo\. 

tr 

It might appear that the relative sensitivity is equivalent to the rates of the two coefficients 
of vanation Mandel has shown that this is the case only when the two tests are proportional or 
reciprocal to each other. That is, one of the following equations must hold. 


M = kN 

(21) 

M = k/N , 

(22) 


where k is a constant 


Transformations of Scale 

For any scheme for test-method discrunmation to be completely valid, transformations of 
scale should not affect the discrimination results. For example, suppose one has determined that 
elongation at break is twice as sensitive a measure of the degree of vulcanization of rubber as 
tensile strength. If one modifies the tensile test to give results on a logarithmic scale, is the 
sensitivity ratio still 2 to 1? Mandel has shown that the relative sensitivity is unchanged by a 
transfomiation of scale for one or both tests. (^"2) 
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FIGURE V-4. RELATIVE SENSITIVITY AS A FUNCTION OF TEST P 2 
FOR HYPOTHETICAL EXAMPLES 
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Inferences Concerning the Sensitivity Ratio 

The discussion of the sensitivity ratio thus far has dealt with population parameters, crjyj/ajsf, 
and slope, dM/dN. All of these parameters must be estimated from actual data and are therefore 
subject to random fluctuations. A means is required to determine whether a calculated sensitivity 
ratio is sigmficantly greater than unity Unfortunately, an exact solution is not possible, and it is 
necessary to resort to an approximation First, it is assumed that the slope dM/dN, estimated by 
K for example, is sufficiently precise that it can be ignored as a source of variation for the sensi- 
tivity ratio This is often a reasonable assumption. Since the sensitivity ratio would normally be 
estimated from data from a well-designed experiment, the experimenter can usually minimize the 
variability of K The vanation in the sensitivity ratio is then assumed to be a result of only the 
vanation in estimates of ojq and o^, denoted and It is known that the quantity 
(Sn/o^N^/(Sm/^^m) follows an Fjj distribution, where i and j‘ are the number of degrees of free- 
dom associated with and Sjvf, respectively. Now it can be shown that the quantity [ |K| 
(Sj.j/Sj^j)] y/F represents a lower confidence limit for the sensitivity ratio IKl If this 

lower limits exceeds unity, it is concluded that at the confidence level chosen M is more sensitive 
than N If it does not exceed umty, it must be concluded that the data are consonant with the 
hypothesis of equal sensitivities. In most mstances, however, a choice has to be made between 
two tests, and it would be sensible to select the one with the higher calculated sensitivity, regard- 
less of the lack of statistical confidence at the desired level. 


5. Sensitivity, Sample Size, and Cost 


In discnminating among candidate test methods, cost as well as precision must be consid- 
ered. For example, if a[ is the standard deviation for a single measurement from test i, the 
standard deviation for a mean of N observations is Oj \/N. This illustrates that the precision of 
any test method can be mcreased to any level desired simply by mcreasing the number of repli- 
cates, N. It is therefore necessary to consider testing costs and sample size in any test- 
discrimination methodology. These factors can be- easily mcroporated into the relative sensitivity 
concept. 


Mandel has shown that if RS(M/N) = k, a single measurement by Method M has the same 
precision as the mean of k^ measurements by Method N Furthermore, he has shown that if 
is the cost of a single measurement for Method M, and Cjq is the cost for Method N, then 
the ratio of costs, C(M/N), to .achieve equal precision is 


C(M/N) - 


Cm 

r2Cn 


or 


Cm 

[RS(M/N)1 2Cn 


(23) 


Some examples are given m Table V-2. In Example 1, for equal costs and a sensitivity ratio of 1, 
the cost ratio is 1 . If the cost of Test M is doubled with no change in sensitivity ratio, the cost 
ratio is also doubled In Example 5, if Test N costs twice as much as Test M, but Test M is twice 
as sensitive as Test N, then one would have to spend eight times as much for Test N to get the 
same precision as in Test M. One is therefore able to evaluate vanous testing methods not only 
on the basis of precision but also on the basis of cost. 
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TABLE V-2. EXAMPLE OF COST RATIO AT EQUAL 

PRECISION AS A FUNCTION OF TESTING 
COSTS AND SENSITIVITY RATIO 





Examples 




1 

2 

3 

4 

5 

Cm 

1 

2 

1 

2 

1 

Cn 

1 

1 

1 

1 

2 

RS(M/N) 

1 

1 

2 

2 

2 

C(M/N) 

1 

2 

1/4 

1/2 

1/8 


6. Summary 


Exact precision requirements cannot be specified at this tune because of many remainmg 
unknown quantities such as the level of degradation which will be considered failure. However, 
using the results presented m this section one can judge tests with coefficients of variation 
greater than 5 percent to be too imprecise for useful monitoring of degradation. Tests rangmg 
between 2 and 5 percent can be tentatively considered, whereas tests under 2 percent can be 
accepted, all on the basis of precision. These divisions are admittedly rather arbitrary but should 
serve as a useful rule of thumb. 

Accuracy involves comparison with a standard reference value of some kind and is not con- 
sidered necessary for following degradation of most if not all array components For example, 
suppose a test measurement is biased (or inaccurate) by an amount 8. If Qj refers to the actual 
property level one is trymg to determine, Mj = Qj + 8 will then be the measured value. To mea- 
sure rate of change of Q with time over the interval (tj, t2) one has 


Rate of change 


Q 2 - Qi M 2 - 8 - Mj + 8 

*2 - tl ^2 - tl 


or 


Q2 - Qi ^ M2 “ Ml 
t2-ti t2-ti 

Thus, accurate rates can be determined even with an inaccurate test mstrument. 

All that can be said about detection limit is that given two tests, both measunng the same 
underlymg degradation phenomenon and with relative sensitivity not significantly different than 
1, the test with the lowest detection limit is preferred. 

Selectivity on the other hand deals with interfering substances and must be considered sep- 
arately for each testing situation. 
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Given that more than one test is applicable to measurement of a given degradation phenom- 
enon (i.e., ATR-FTIR and ESCA for surface carbonyl formation), the only way to compare them 
sensibly is with Mandel’s relative sensitivity [if Equations (21) or (22) are not known to hold] . 
Although this method is discussed for only two candidate tests, the results are readily extendable 
to a larger number of tests. If Equation (21) or Equation (22) is valid, then and only then can 
two equivalent tests be compared using ratios of their coefficients of variation. 


B. COMPARATIVE ASSESSMENTS OF 
TECHNIQUES AND INSTRUMENTS 


In attempting to make comparative assessments and selections among different types of tech- 
niques which might measure the same property, it is desirable to divide them into those which, 
from the point of view of apphcabihty to the goals of this specific study, are developmental m 
nature and those which are more or less fully developed (albeit not necessarily proven adequate). 
In makmg this division, it is recognized that there is no clear-cut dividmg Ime between the two 
and, hence, a certam amount of subjectivity is involved. In general, developmental techniques 
cannot be adequately assessed on a comparative basis except in those cases where first principles 
can be shown to lead to fundamental hmitations (sensitivity, precision, etc.), such that one tech- 
mque clearly compares unfavorably with competing techniques, such is seldom the case. 


1. Recommended Techniques Which are Fully Developed 


Table V-3 identifies those recommended techniques which are felt to be fuUy developed 
from the point of view of applicability to the quantitative study of degradation-related property 
changes in photovoltaic module materials and structures “FuUy developed” implies that they 

TABLE V-3. RECOMMENDED TECHNIQUES WHICH ARE 
CONSIDERED FULLY DEVELOPED 


(1) Chemical Measurement Techniques 

FTIR (Including ATR) 

Gel Permeation Chromatography (GPC) 
Gas Chromatography/Mass Spectrometry 
(GC/MS) 

ESCA 

(2) Electncal Measurement Techniques 

Cell I-V (Including Dark, Illuminated, 
and Spectral Response) 

(3) Optical Measurement Techniques 

Microscopy 
Spectral Transmission 


(4) Thermal 

Differential Scanning Calorimetry 
(DSC) 

(5) Mechanical 

Dynamic Mechanical Analysis 

(6) Other 

Profilometry 
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have been or are being used in studies of these or similar materials and/or structures and that 
their capability of supplymg quantitative information on changes which are considered to be 
degradation related is established The term does not imply, however, that they have demon- 
strated adequate sensitivity and precision to establish their capability for providing data that 
would allow reliable lifetime prediction for arrays which might approach the LSSA operational 
lifetime goal of 20 years or more. In fact, it can be stated that such is not the case. That is, 
none of the techniques (alone) that have been investigated has demonstrated charactenstics 
adequate to allow such predictions. Further, an examination of the data given in Section IV 
(see tables in Section VI for a summary) reveals that reliable information on key charactenstics, 
such as precision, is not available for a significant number of the techniques. Without such data, 
the limits of the techniques m characterizing small property changes cannot be fuUy evaluated. 

It is clear that this lack of data makes it difficult if not impossible to make compansons and 
selections. As an example, as discussed in Section IV, FTIR and ESCA have overlapping appli- 
cabilities in characterizmg^ surface oxidation in polymers. However, precision data to allow a 
comparative assessment of their capabihties are not available and will have to be developed to 
determine the preferred technique. Similar statements apply for comparisons of differential 
scanning calorimetry and the dynamic mechamcal tests, in determmmg Tg. Comparative assess- 
ments of these techmques cannot, then, be made on the basis' of the existing data base; addi- 
tional data will have to be developed using the procedures discussed and cited m V.A. to estab- 
lish both the mmimum property change which can be characterized by each technique and, given 
the choice, the preferred technique for measunng a given property change 

Unfortunately, the above procedure does not completely solve the problem of determmmg 
how accurately one can expect to predict the lifetime of a photovoltaic module/array using such 
diagnostic techniques. Assummg, for example, that the precision with which Tg and its changes 
can be determined by a given technique is known, the question of the uncertainty of the derived 
values of quantities such as molecular weight or percentage of crystallinity still remams. Further, 
the certainty with which one can extrapolate from these primary derived quantities to secondary 
derived quantities which are more directly relatable to power degradation mechanisms (e.g., optical 
absorption) or even protective function degradation mechanisms (e.g., embrittlement, delamination) 
adds another level of potential error in this case. These uncertamties can be resolved only through 
experimental evaluation, and thus, to a certain extent, even the more advanced techniques listed m 
Table V-3 might be considered somewhat developmental for this application. 

The major area of overlap in the techmques listed in Table V-3 is in the measure of bulk 
polymer properties. FTTR, GPC, GC/MS, DSC, and the dynamic mechanical techniques all mea- 
sure bulk-property-related changes, althou^ m most cases somewhat different primary-property 
changes (e.g., volatile fragments, nonvolatile fragments, Tg, modulus, molecular, species). A de- 
termmation of the relative certainty with which each of these property changes can be related to 
actual failure modes and hfetimes and even the overlap (or lack thereof) of failure modes to which 
each can be related cannot be made at present. 

Both microscopy and profilometry are apphcable to studies of first surface damage However, 
it is felt that no conflict in the choice of technique exists here, in that profilometry offers clear-cut 
advantages in its range of sensitivity in a laboratory situation, whereas high resolution SEM is more 
suited where fmer sensitivity is required. More conventional microscopic techmques are better 
suited to field situations than either of these two Both rmcroscopy and profilometry are consid- 
ered to have a place in array-lifetime studies 

Measurements of current-voltage characteristics, includmg spectral response, are directly appli- 
cable to quantitative characterization of power degradation changes; however, their limitations 
(discussed in Section IV), as presently apphed, are considerable for this application. It is, however, 
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the pnmary m-situ measurement technique at present and, as such, considerable attention should 
be directed to refmement of measurement and diagnostic aspects of the technique. 


2. Recommended Techniques Which are Developmental 


Table V-4 identifies the developmental techniques which are being recommended. While the 
experimental problems involved m their evaluation may not be any more formidable than those 
associated with needed evaluations of the more developed techniques in Table V-3, it is felt that 
more fundamental questions as to the appheabihty and suitability of these techniques exist at the 
present state of their development. Smee some of the techniques listed here are fairly well estab- 
lished in the field of experimental physics (e.g., ellipsometry, reflectometry) it should be reempha- 
sized that the primary consideration here is the capability of providing high-precision, quantitative 
measurements of low-level property changes which are relatable to the degradation of photovoltaic 
modules 


TABLE V-4. RECOMMENDED DEVELOPMENTAL TECHNIQUES 


(1) Chemical Measurement Techniques 

Chemdummescence 
Surface Energy Analysis 

(2) Electrical Measurement Techniques 

Electrical Noise 
Electrical Conductivity 
Dielectrometry 
Special Detectors 

(3) Optical Measurement Techniques 

Ellipsometry 

Holographic Interferometry 
Light Scattering 
Reflectometry 


(4) Thermal Measurement Techniques 

Infrared Thermovision 

(5) Mechanical Measurement Techniques 

Ultrasonic Pulse-Echo 

(6) Other Measurement Techniques 

Permeability (Gas and Water Vapor) 
Photoacoustic Spectroscopy 


In summary, adequate data for making comparative assessments of techniques havmg poten- 
tially overlapping capabilities, on the basis of precision, have not been found. This, of course, 
does not exclude mterim selections on the basis of other criteria (e g., availability, field-use capability) 
as hsted m Table IV-2, but does preclude the recommendation of the preferred technique for 
measurement, for example, of bulk polymer properties. Recommendations for developing the 
needed information and a discussion on how well existing techniques mi^t cover the total needs 
of an array-lifetime-prediction effort are given in the followmg section 
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VI. CONCLUSIONS AND RECOMMENDATIONS 



VI. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 


The discussions of Section IV are summanzed in Tables VI-1 through VI-5. These tables 
identify the recommended techniques in each of the categones, along with values and comments 
regarding some of the key selection critena and other attributes. 

In identifying and evaluating a set of techniques for use m photovoltaic module lifetime 
testmg, it IS necessary to identify those properties which need to be monitored in order to en- 
sure that any degradative change which does occur can be detected and measured. This problem 
was addressed in Sections II and III which distinguished (1) degradation that directly affects 
power output and (2) degradation of the protective function of the encapsulation system, and 
which noted the correlation of power degradation factors with components of the lumped- 
constant model of the photovoltaic device. From these discussions it is clear that, from the 
point of view of degradation mechamsms directly affecting power output, one needs to measure 
(a) changes in the hght reaching the cell or related precursors thereto, and (b) changes in mtemal 
(to the module) power dissipation due to senes-resistance and shunt-conductance effects or re- 
lated precursors thereto. For charactenzing degradation of the protective capabilities of encap- 
sulation systems, the major areas of concern are (a) mterface separation or debonding, (b) per- 
meabihty changes relative to corrosive agents, and (c) mechanical property changes such as 
strength. 

Table VI-6 identifies recommended techniques considered to be relatively well developed for 
application to array encapsulation degradation studies; these techniques are listed according to the 
degradation-related properties or areas to which they are applicable. As was noted m Section V.B, 
(and as Tables VI-1 through VI-5 show), there is a considerable lack of reliable information on 
the precision of many of these techniques, a fact which hampers compansons of competing tech- 
niques, There is also a need for accelerated-test-type experiments for those advanced techmques 
that measure property changes mdirectly related to power degradation (i.e., carbonyl formation, 
Tg, etc.) in order to estabhsh the degree of correlation and the magnitude of the errors involved 
in proj'ecting from those measured properties to power degradation rates and failure modes 
Specifically, FTIR, GC/MS, DSC, ESCA, and the dynamic mechanical tests all require determina- 
tion or venfication of precision for properties measured, and all of the tests listed under (1), (2), 
and (3) m Table VI-6, require studies to establish confidence m projections to power degradation 
rates. It is also sigmficant that none of these developed techniques are directly applicable to 
studies of interface changes (delamination) 

I-V characteristic measurements (including spectral response) are the most umversally used 
technique in studymg degradation of solar cells and arrays. The technique is capable in prmciple 
of measuring any change which degrades power output. The shortcommgs of present practice in 
this area are discussed in Section IV. It must be emphasized that the requirements imposed on 
diagnostic measurements m array lifetime prediction studies are more stringent than those on 
conventional measurements or even those on quahfication and acceptance testmg. For the pur- 
poses of life-test studies, there is a need to bring the I-V characteristic measurement technique 
to the highest state of refinement possible in order to make maximum use of its capabilities, 
particularly in in-situ situations. Long-term stability of instrumentation is a major concern with 
this and other measurement techniques. 
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TABLE VI~1. RECOMMENDED CHEMICAL TECHNIQUES 


Instruaent/Tcchnicue 

Properties Keasured- 
Appllcable 
Desradatlon Kodes 

Sensitivity 

Accuracy 

Precision 

Spec loan 
Fora 

Effect 

on 

Sseelaon 

In-Sltu 

Sulcsbllltv 

Coat 

See up/ 
Fun Tine 

AvallablUcy 
for test 

Coaaeats 

Fourier Iranafocn 
Infrared Spectres-' . 
copy including ATR ^ 

Surface and bulk 
cacbonyllsaclon 
of polytoer* 

100 ppo range? 

<0 1 cb"^ 

. -1** 
<0 1 ca * 

Various and as 
little as 25 
nanogtaBB 

none 

Ko 

$120,000 

1/2 to 1 hr 
per specinen 

Yes - BCL • 

- 

ESCA 

•j 

Surface carbonyl^ 
izaclon of polyaers» 
Deplotlon of aurfocc 
spedea <m glaaa 
plaCcT i e > Na^ 
Interface evaluation 
after teardoun 
analyals 

01 - 02 acotalc 
fraction 

* 

* 

Saall flat 
sheet 

Hogllgtblo 

Mo 

$200,000 

i 

5 e 10 
spaclaens 
per day 

Yea 

Depth profiling possibla In 
conjunction with loo aputtsciag 

Cel Pemaclon 
Chroaatography 

Changea In polyacr 
oolecular ut due 
Co chain aclaalon 
and craaallnklng 
Oeceeclon of low Klf 
apeeiea such aa 
realduol mnomrai 
plasticara, etc 

* 

202 at 
worst 

5-7X for 
»i or H# 
1-22 for 
Hf/Hn 

Powder or ahaet 
Smll sDount 

DcotxucClve 

Mo 

* 


Yes 


ChemlluAlneacoiico 

Photon cnlaalon 
froa degradativc 
reactions 

10*^^ taoltt/yr 

desraJaclen 

rate 

a 

* 

Sheet 3-ln dla 
or loss 

none 

Possible with 
specially 

built apparatus 

$$,000 built 
froa Individ- 
ual coaponents 

< 30 Bin. 

Yes - bCL 

““ 

Css Chreeacegraphy/ 
Haas SpeetroBctty 

Volatile polyMric 
fragaonea - 
Photolyclc break' 
down of polynera 

10 tag/All 

101 at 
worst 

* 

Any form, down 
to 10 Qg of 
aatcrlal 

DcatnieClvc 

t 

Ko 

$30,000 

to 

$150,000 

aa 30 Btin 

Yes 


Surface Energy 

Surface properclea 

* 

* 

* 

Sheet 

none 

Yea 

$1,000 

5-10 Bin 
par liquid 


Currently being evaluated. 


t 


Could noc bo found 
RepeaCabllleyt 

KoC dotrueCLVc if uaed as described in tbc tcxc 
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TABLE VI-2. RECOMMENDED ELECTRICAL TECHNIQUES 


iQfttTuaonc/ 

Technique 

Properties Heasured- 
^plleoble 
Deersdetlon Hodes 

Sensltlvltv 

Aecueaev 

Precis ion 

Spcclacn 

Fora 

Effect on 
.■oORciBen 

En-5iCu 

Suitability 

Coat 

Socup/ 
Run Tlete 

Availability 
for Test 

Coteaents 

niualnetcd I-V 
Characteristics 

^SC , ^BiflXr’^OC, , 

any output 
degradation 

Potentially 

hl^ 

I - ^ 21 
‘sc 

Ipc- * « 

cell/aodule/ 

artsy 

tone 

yes 

$3k to >$53K 

Setup-few atn > 
Kun-scconds or 
less 

Yes - &CL 

See section IV 

Dark 1-V 
Characeeslsele* 

“O'*” , 

raraoetcrs-eell/ 
oodule pover 
diaslpntion 

Potentially 

high 

i 0 03S to 
* 0 1* 

Potentially 

hleh 

ecll/aodule/ 

array 

none 

Need light 
tight call 
cover 

'v$iK up 

Soeup-run S to 
15 Bin 

Yas 

See Section IV 

Spectral 

response 

ll, vaA- 
optlcel trons- 
nieelon dogradaClon 

Potentially 

hlBh 

* SX to 

t 201 

± IX at 
best 

cell^Dodulel/ 

array? 

none 

etude with 

fllteis 

possible 

— 

Run- 5 to 30 
Etln 

Yea - BCL 

Sec Section IV 

Electrical 

noise 

Current noise “ 
contact corrosion 
Interconnect cor~ 
roslon 


1 0 S dB 
(-4D to + 
60 dB) 

± 1 do 

ccll/csodule?/ 

array? 

tone 

yes 

$3k CO SISK 

Setup- 

Run-nondnal 

Yes 

Requires expcrleenCal 
evaluation 

CoaiSuctlviey 

BlecCrltsl con- 
ducelvlty- 
lonic It^urltleo 
tBoistur* content 
breakdovA 

Potentially 

high 

± 0 031 CO 
* 4 01 

Potentially 

high 

Varlousi known 
gcoRKtry 

None, unices 
exceesive 
tenperacure 
oxeurBlen 

Could be with 
special cuaton 
design 

SO 3k to SlOK 

Setup- 

Run-ain 

Yes 

Accuracy varies with nagnltude, 
worse for veiy low conductivities 

Dlalactroaetry 

Peraittivity* toss 
factor- 
polar sroups 
BiOlsture 

lone 


Toop 2 IX 
C * 0 02* 
loM t XI 

Tcup * 0 25‘C 

Varloufl, known 
geoaetry 

None, unless 
excessive 
eeaporatute 
excursion 

Conventional- 

No 

Special designs 
conceivable 

^lOK to SISK 

Setup-5 to 10 Bain 
Run-eln to 
hrs 

Yes - BCL 

Requires experlBental evaluation 

Special 

ditsetors 

Detector Eltctrlcal 
Propertiss- 
presence of alien 
species 

Potentially 

hi^ 

Potentially 

high 

Pocenclolly 

high 

mdulc/array 

aone 

yea 


Built In to 
nodulo/array 
Nonul run tine 

Could design 
teat 

— 
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TABLE VI-3. RECOMMENDED OPTICAL TECHNIQUES 


Properties Hcasured- Sonsltlvlty Effect 

Appllctble (OPD (a) (a) Specimen on In-Slcu 

Instrunent/Teehnloue Pegredaelon Hodee decectablel Accursev Precision. Fora Sgeclp en . Sulcnbllity 


Cost 


Sot up/ Aveltsbllicy 

Run Tina for test _ Coaaenes 


Rcflectobcitry 

Refleatanee-iac 

aueCtee degradation, 
inCerfice changes 

200-500 X 

0 IX 

IX (long tarn) 

ReaConably 

flat 

Mane 

Possibly, with lower 
accuracy, precision, 
etc 

55,000 

Initial setup 

and teat 1-2 
days, other 
Claes nominal 

Yca-eould sat up 
ac acL 

Scattering eagle, not optlcel pech 
dliterance (OPD), used lu eetuel 
aeosureaeot 

Elllpsomstry 

Clllptlclty of 
reflected light- 
detaainaclon, ocher 
changes In optical 
path 

s-io k 
(frequently) 

0 OIZ 

0 OIZ 

Reasonably 
flat, can be 
relatively 
large 

Kone 

Ho 

$10,000 

to 

$50 000 

Setup noninal 
Keaauro-a few 
alnutea per 
point 

Currently under 
Investigation 

- 

Holographic 

Interferooatry 

Phase change at 
points In light 
pach-lnclplent 
delablnatloa 

50-3000 X 

Variable 

low long-term 
with available 
InscruGsents 

Few TcstTie- 
tlons 

Hone 

Ko 

$30,000 

Few tdnutes 
to 1 hour por 
shot 

Yes - 8CL 

High risk, high peyoff tecbalque 

Li^t Scattering 

SaslL angle fotvard 
scattering of 
lighc-delaalnotlon, 
bubble fomselon, 
aurface daeige 

high 

high 

high 

Fairly 

transparent 

Ifone 

No 

$15,000 

to 

$30,000 

Nominal 

Yes - fiCL 

Whether deloal&JitiOB oeeuii is such e 
Way os CO cause seectsrlng IS not 
known 

Hleroscopy 

Surface structure- 
first surface 
damage 

50-100 A 

resolution 
for SCH 

■■ 

" 

Verioua 

Nona 

Yes, with special 
Douneing 

> $60,000 for 
SEH, others 
vary eensid- 
erably 

Varies with 

type 

Currently in use 


Spectral trina- 
nlsilon 

tronsalcted light- 
optical cronanisslon 
degradation, UV 
damage 

high 

high 

± JZ - * 2* 
ovor 6 months 

Various, 

transparent 

None 

Poislbly with spcclsi 

arrangements 

$5,000 - $25,000 
for comercial 
Instruments 

Htnutes to 
1 hour 

Yea - BCl. 

Oevelopocat of suitabie field use 
setup needed 


(«) PrecXiton and accuracy arc for the <}UQnClCy awesured end not for any derived quantities 
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QLffercnel*L Tef^>«rAture 0 002 C ^4 O^C for * 2 i*C for VArloiu Kay or tuy Ko 

thermal dlffcrentlaL/ Te^ differeneo i 0*C 1 S*C faxM. 0 1 not be 

tnalygto due w "heat for for Tg^it to 100 o* destructive 

effects" 

Differential Differential 1 teal/iec - 0 2Z on Q ^ IZ on Q Various Ksy or say Ko 

•eannldg heat input t 1*C on T fonts, 0 1 not be 

caleripecty to IDO eg destructive 

t 4 O'C for t 2 5*C for 
T«, * 2 O’C Tg, * 1 5*C 
Tinolt 

Torsion Dynanlc * G* for TdTg C* for T<Tgl Rectangular Nondeatrucclve tfo 

Pendulun nodulua and ^X 3 SZ D OlS-0 10 

daoping C* for T>»Tg] G* for T-^g In by 0 10- 

(C* and C"> 30X 15Z 0 60 in , 1 

C" for T>¥g G" for T>Tgi to 6 In long 

20Z lOZ or 

C" for T<Tg C" for TeTg circular 0 30 

lOZ iX in radius, 1 

± 3 0*C for Tg CO 6 in long 

Forced Oysaolc * S>10Z 3Z Solid bsr 2na SondescruCClv« Ho 

vibration nodulua x 2en x Zea 

Vlscoolast' and 

Qneter danping 

Ultrasonic Flow a ^ * a -- Hondeattuctlve \ca 

Fulae-echo detection 

Infrared Teaq>ecature 0 2*C * * --Ho effeet Yes 

Ihemo" differences 

vision at flaws 
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TABLE VI-5. OTHER RECOMMENDED TECHNIQUES 


ProptrclcB Mcoaurod- 
AppXlcaMci 

loBtruMiftt/TBCholqua Dcg tadatlon HoJo Scittltlvltv Aceuracv _Prftet8lon 


Speciacn 

Form 


In''Slcu 

Suitability 


Sot up/ 
Run Time 


AvolUbllity 
for ce«c 


Coamcits 


FrofiloMtty 

Surface rouBhneoo • 
vurfaee ecchyiORch 
abc««ion 

cLki 2Z 
(2-400^ In ) 

U2 1 CO 200>cln 
(20-4000 >u In ) 


i 22 

Flat or clitular 
curvocurc 

0 1 gD force 
on i-iq^ 
radlua tip 

Conventional is 
lab only, apee> 
lal design 
conceivable 

$10K + 

TodiUB 
adjustoent/ 
0 2 - 160 
Bm/Btin 

YcB - BCL 

Foughnoaa aenaltivlcy of 
$ A clalwd for Dcktah tinic 
coupled with coBputer 

Woc«c Vapor & Cai 
PorMabillty 

FXov rate of Gab/ 

UV through BACorlai^ 
noleeular wc* 
cryatallinlty «tobb 
linking, denolty 

HVn-0 01 , 

jn/100 In /24 hr 

TflPp * 0 5*F 
WVTR- ± 2X 

i 102 

Generally ahcec 

none 

Conventional no 

$1K - $14k 

hr/ 

30 aln to 
days 

Currently 

under 

Inveatlgacion 

none 

PhOCCMICOUJlClC 

spoeetoBcopy 

Optical Abaocptlen, 
ThamaL DlCfuBlocv- 
optical propertlaa 

11 nV/iU 

* 

A 

Varloua 

none 

no 

$25K - $50K 

- 

Currently 

under 

Inveaclgatlon 

none 


o 2 
^ S. 

*tj 2 

II 



TABLE VI-6, DEVELOPED TECHNIQUES ACCORDING 
TO APPLICATION AREA 


(1) First Surface Damage (Including Dirt) 

Microscopy 

Profilometry 

(2) Polymer Surface Chemical Change 

ATR-FTIR 

ESCA 

(3) Bulk Polymer Properties 

FTIR 

GPC 

GC/MS 

DSC 

Dynamic Mechanical Analysis 

(4) Interface Properties 

None 

(5) General Optical Properties 

Spectral Transmission 

I-V Characteristics (lUuminated) 

(6) Contact/Interconnect Damage (Corrosion, Fracture) 

I-V Characteristics 

(7) Shunting 

I-V Characteristics 


The adequacy of the techniques shown in Table VI-6 for measuring naturally produced 
(i,e., not accelerated) changes compatible with an array hfetime of greater than 20 years has not 
been dernonstrated, and the degree to which they are adequate for accelerated-aging-test 
measurements is also not clear. It is recommended that steps be taken to clarify this situation 
(see VLB. below). 

Table VI-7 lists recommended techniques considered to be developmental for this applica- 
tion, they are listed according to their areas of application These techmques are felt to offer 
significant potential advantages in their categones through convenience or increased sensitivity, 
however, research and developmental work is required to firmly estabhsh their apphcability, 
usefulness, and capabilities. Several of these are currently under investigation at various 
iaboratones under DOE/JPL or other sponsorship, whUe others have yet to be explored A 
number of these recommended developmental techniques are applicable to areas not adequately 
covered by the more developed techmques listed in Table VI-6. Preliminary evaluations of some 
of the techniques m Table VI-7 are recommended for Phase II of this program (see VLB. below), 
while the evaluation of others (e.g,, holographic interferometry, ultrasonic pulse-echo, and mfrared 
thermovision) is beyond the level of effort of Phase II and consideration of more long-term studies 
IS warranted. 
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TABLE VI-7. DEVELOPMENTAL TECHNIQUES ACCORDING 
TO APPLICATION AREA 


(1) First Surface Damage (Including Dirt) 

Light Scattering 

Reflectometry- 

Surface Energy Analysis 

(2) Polymer Surface Chemical Change 

Electrical Conductivity 
Photoacoustic Spectroscopy 
Reflectometry 
Surface Energy Analysis 

(3) Bulk Polymer Properties 

Chemilummescence 
Dielectrometry 
Electrical Conductivity 
Light Scattering 
Permeability 

Photo acoustic Spectrometry 
Special Detectors 

(4) Interface Properties 

Ellipsometry 

Holographic Interferometry 
Light Scattering 
Photoacoustic Spectroscopy 
Reflectometry 
Ultrasonic Pulse-Echo 

(5) General Optical Properties ' 

Light Scattering 

Reflectometry 

Special Optical Detectors 

(6) Contact/Interconnect Damage (Corrosion, Fracture) 

Electncal Noise 
Infrared Thermovision 
Reflectometry 
Special Electncal Detectors 

(7) Shunting 

Dielectrometry 
Electncal Conductivity 
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It is also useful to examine the recommended techniques according to their suitability for 
field-installation-type measurements. The situation is summarized in Table VI-8. Of the more 
developed techniques, only I-V characteristic measurements, spectral transmission, and some 
forms of microscopy are suitable, on a routine basis, for in-situ measurements, while a consider- 
able number of the developmental techniques are potentially adaptable to such measurements 
(although special arrangements would be required in most cases). There is a serious need to 
develop techniques for m-situ measurements of vanous properties of photovoltaic modules to 
provide needed supplemental data in accelerated-test experiments. 


TABLE VI-8. TECHNIQUES ACCORDING TO USE LOCATION 


Developed Techniques 

• (1) In-Situ 

Cell I-V Charactenstics 
Spectral Transmission 
Microscopy 


(2) Laboratory 
FTIR 

Gel Permeation Chiom. 

Gas Chrom./Mass Spec. 

Diff. Scanning Calorimetry 
Dynamic Mechanical Analysis 


Developmental Techniques 

(1) In-Situ 

Electrical Noise 
Dielectrometry 
Electncal Conductivity 
Special Detectors 
Light Scattering 
Reflectometry 
Infrared Thermovision 
Ultrasomc Pulse-Echo 
Surface Energy Analysis 

(2) Laboratory 

Chemiluminescence 
Holographic Interferometry 
Eliipsometry 

Gas and Vapor Permeability 
Photoacoustic Spectroscopy 


ORIGINAL PAGE IS 
B. RECOMMENDATIONS OF POOR QUAIOT 


1. Scope of the Recommendations 


The recommendations presented in this section are tendered as general recommendations for 
the consideration of the commumty of those concerned with array degradation and lifetime- 
prediction studies. A limited number of the techniques listed in this section wdl be selected for 
preliminary experimental evaluation in Phase II of this program. While the other techniques are 
felt to be equally meritorious, they cannot all be pursued within the level of effort of Phase II. 

It is hoped that other studies will be,imtiated by researchers withm the commumty to develop 
the experimental data needed to fully evaluate the potential usefulness of those techniques. 
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2. Establishment of the Adequacy of 
Existing (Developed) Techniques 


As elaborated previously, none of the developed techniques has been appropriately evaluated 
to determme whether it has adequate precision for determining degradation rates that might be 
encountered in long-life arrays. It is therefore recommended that steps be taken to establish the 
limits of these techniques for this apphcation. Specific recommendations are 

• It is recommended that a determmation of the precision for measured properties be 
made for ESCA, FTIR, and the gas chromatography /mass spectroscopy combination 
and that ESCA and FTIR be compared for measuring surface carbonyl concentration 
using the Mandel sensitivity ratio criterion. Basic instrument precision determinations 
could be performed m the context of Phase II of this study, while broader questions 
of interlaboratory variability are probably outside the scope of this phase, 

• It IS also recommended that a major effort be directed toward establishing quantita- 
tive correlations between key measurable properties, such as carbonyl formation, 

Tg, and molecular weight changes, and degradation/failure modes. This should m- 
clude consideration of the accuracy and precision associated with extrapolation from 
a change in value of a given measured property to a derived degradative change. 

This is considered to be a task beyond the tune and effort of the Phase II evalua- 
tions, but is very important. Without this information, one is forced to rely pri- 
marily on techniques that directly measure degradative changes, these techniques 
axe not necessarily the most sensitive for early detection, 

• It is recommended that a set of experiments be conducted to determine the rela- 
tive precision of DSC, DTA, torsion pendulum, and the forced vibration visco- 
elastometer for measuring Tg. Such tests could reasonably be included in Phase II 
of this program. 

• It is recommended that a study be made of cell charactenstic (I-V, spectral 
response) measurement techniques from the pomt of view of the special needs of 
lifetime prediction and degradation studies. These should have the aim of mstitut- 
ing refinements which will result m optimizing the sensitivity, precision, and accuracy 
of such measurements. Long-term stability of illumination sources and other instru- 
mentation is one of the major concerns here. The Fourier transform spectrophoto- 
metric approach to spectral response measurements, using an interferometer rather 
than dispersive optics to accomphsh spectral discnmination, is a specific technique 
warranting further mvestigation in this area 


3. Evaluations of Potentially Useful Developmental Techniques 


Some of the potentially useful developmental techniques are currently being mvestigated in 
various laboratories under JPL sponsorship and hence require no further recommendation other 
than that they be focused on combinations of materials and structures related to photovoltaic 
modules. These include photoacoustic spectroscopy, gas and vapor permeability, ellipsometry, 
ultrasonic measurements, and surface energy analysis. For the remainder, the following recom- 
mendations are offered. The pnorities reflected in these recommendations are in part related to 
the fmding that to meet the immediate needs of lifetime testmg, it is necessary to focus on 
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techniques which measure properties havmg direct relation to power degradation. As reliable 
quantitative correlations between other measured property changes and power degradation mech- 
anisms are established, techniques sensitive to those changes can be brou^t more directly to bear 
With this m mind then, 

• It IS recommended that electrical noise measurements, polymer electrical conductiv- 
ity measurements, reflectometry and light-scattering measurements, and the use of 
special electrical and optical detectors for in-situ measurements be subjected to 
preliminary expenmental evaluations such as those planned in Phase II. 

• It is also recommended that chemiluminescence and dielectrometry be considered 
for similar evaluations, but on a secondary pnonty basis 

• Holographic interferometry and infrared thermovision will probably require con- 
siderably more effort to bnng them to a state of providing useful quantitative in- 
formation for lifetime studies, although, if developed, they offer significant advan- 
tages. It is suggested that they be considered for investigation on a high-risk, 
high-return basis. 

4. Measurement Needs Not Presently Satisfied 

• Adequate means do not appear to be available to measure changes m the breaking 
strength or static fatigue of glasses. The destructive nature of the usual tests and 
the large statistical vanations in strength are defmite limitations in this respect. A 
knowledge of the fracture toughness of the matenal and a test which momtors 
surface flaw sizes might provide an approach to this problem. 

• A technique for in-situ determmation of changes in mechanical strength of encap- 
sulation materials could be a useful tool in degradation studies. A suitable tech- 
mque has)not been identified in this study. 

• Another need is for a reliable, reasonably mexpensive method for makmg in-situ 
spectrophotometric measurements with relatively high precision (preferably to 
within about 0. 1 percent) over relatively long periods of time (up to a year). 

Smce a satisfactory mstrument does not exist, the best course may be to mitiate 
discussions with designers of opto-electronic equipment and other photometry 
experts m order to instigate new idea generation and to obtam a sample of expert 
opmion on what might ultmiately be obtainable. 


5. Recommendations for Phase II of Study 


Because the size (time-funds) of the Phase II effort will be limited, it will be necessary to 
select from the recommended techniques those which offer the most promise m terms of con- 
tnbuting a new element or advantage in life-test studies and which are amenable to evaluation 
withm the effort allotted. On this basis, appropnate techniques from those recommended in 
this section are being selected for Phase II expenmental evaluations, these selections will be 
reviewed with JPL and specific expenmental plans will then be prepared. 

v.-n 
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VIII. APPENDIX 


This section presents brief descriptions of some of the techniques which were considered 
but are not at present recommended for use in studies of failure-related degradation m terrestrial 
photovoltaic modules. The descnptions include an identification of considerations which re- 
sulted in the exclusion of the techmque from the present recommendations. The techniques 
discussed in this appendix are. 


1. Low Energy Electron Diffraction (LEED) 

2. Secondary Ion Mass Spectrometry (SIMS) 

3. Ion Scattering Spectrometry (ISS) • 

4. Electron Microprobe 

5. Raman Spectrometry 

6. Mass Spectrometry 

7. Optical Emission Spectrography 

8. Electron Paramagnetic Resonance (EPR or ESR) 

9. Nuclear Magnetic Resonance (NMR) 

10. Mossbauer Spectroscopy 

11. Chromatography 

Gas Chromatography (GC) 

High Performance Liquid Chromatography (HPLC) 
Thin Layer Chromatography (TLC) 

12. Neutron Diffraction 

13. Acoustic Emission 

14. Thermal Conductivity 

1 5. Mechamcal Strength 

16. Inelastic Electron Tunnelmg Spectroscopy (lETS) 


VIII- 1 



1. Low-Energy Electron Diffraction(^^^'l»^^'^’^^^^"3) 


Low-energy electron diffraction is a tool for studying the crystal structure of solid surfaces 
It involves the impinging of low-energy electrons (<5 kV) on the sample surface and detection of 
those electrons which are scattered back from the surface. These electrons are diffracted by the 
first several atomic layers of the sample. Only the elastically diffracted electrons pass through 
suppressor gnds and impinge on the fluorescent display screen producing an array of bright spots — 
the diffraction pattern. This instrument is basically quahtative and thus is not expected to be 
useful in measunng rates of degradation of photovoltaic array components 


2. Secondary Ion Mass Spectroscopy (SIMS)(^^I'4) 


Secondary ion mass spectroscopy is an uitrahigh-vacuum surface technique which mvolves 
the bombardment of a surface with ions such as O 2 ions created m a plasma. It is a sputtering 
technique capable of measunng elemental composition versus depth (i.e., depth profile) to a 
depth of 2 microns. Since some molecular species are observed in the SIMS spectrum, it is also 
possible to denve some chemical bondmg mformation about surface species. In general, SIMS 
detection limits are in the parts per milhon area with httle dependence on atomic number The 
technique provides isotopic resolution and is fast. Its limitations are the difficulty m quantifica- 
tion and interference of vanous matrix effects. One of the major quantification difficulties is 
the fact that different sputtered species are typified by escape probabilities which are difficult to 
detemune. For this reason its use as a quantitative tool m measuring array-component degrada- 
tion will be quite hmited. 


3. Ion Scattering Spectrometry (ISS) 


In ion scattermg spectrometry a surface is bombarded with a beam of noble or inert gas 10 ns 
(^He"^, ^He"*", ^ONe'*', or A fraction of these 10 ns (~1 m 10^) experiences a single bmary 

collision with a surface atom. This interaction changes the energy and momentum of these pri- 
mary ions and scatters them. Analysis of the energies of the scattered ions provides information 
on the elemental composition of the outermost atomic monolayer of the surface. 

If the source ion penetrates the first monolayer, it has a very low probability of escapmg 
from the surface without imdergomg multiple collisions. As a result, the surface atoms found by 
ISS must reside almost exclusively in the first average atomic layer. This sensitivity to the sur- 
face monolayer is unique to ion scattering spectroscopy. 

ISS can be used to estimate elemental composition as a function of depth through sputter- 
ing, which IS done at the rate of 3 to 50 monolayers per hour. 

Because ISS is only a semiquantitative method, it is not suitable for the goals of the LSSA 
project which requires monitormg of extremely small degradative changes. It, of course, may be 
useful for the postmortem type of analyses required for determining degradative failure modes. 



4. Electron Microprobe 


The electron microprobe technique involves the mteraction of a monoenergetic electron 
beam m the 5 to 50-keV energy range with a solid sample. Heat, X-radiation, hght, and a 
complex spectrum of electrons are generated (see Figure VIITl). This method is used mainly 
for elemental analysis of metals as it requires a conductive matenal with high melting point. 
Because of the high temperature and conductivity requirements, this technique is not useful for 
followmg polymer or glass degradation. 



FIGURE VnU. SCHEMATIC OF ELECTRON MICROPROBE 


5. Raman Spectroscopy 


Raman spectra are due to changes in electron cloud (dispersion) symmetry and are obtained 
with visible or UV hght by observing the change in frequency produced when the molecule is 
irradiated. In many cases Raman and IR spectroscopy are measures of the same vibration. How- 
ever, for highly symmetnc molecules such as benzene, vibrations active in the Raman spectra are 
absent m the mfrared and vice versa. Consequently, as Pamter and Koenig^^^^^'^) have pointed 
out, both IR and Raman spectroscopy are necessary for complete characterization of molecular 
species. 

Raman spectroscopy has become a much more powerful tool, over the last few years with 
the advent of the laser. Today all commercial Raman spectroscopes have a layer source. This 
creates problems if the material bemg analyzed fluoresces, as is often the case m measurements 
related to polymer degradation. In such cases the fluorescence overshadows the Raman spec- 
trum.(VI^^‘2> vIII-3) x^ig can be overcome m many cases by changing the wavelength of the 
excitmg radiation. 

Raman spectroscopy is much more sensitive to the stretching of homonuclear bonds such as 
C-C, S-S, N-N, C=C, and C=C than is infrared. The degradative changes involved in the glass 
and polymeric matenals of photovoltaic arrays, however, usually involve polar groups such as C=0, 

SiOH, and OH. Since these are most easily detectable with mfrared, Raman spectroscopy does not 
appear to be particularly useful for the weathering changes of mterest in the photovoltaic area. 
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6. Mass Spectroscopy 


In mass spectrometry, samples are vaporized and introduced into an electron beam which 
ionizes and fragments the molecules. These charged particles are accelerated m an electnc field 
and then spread out by a magnetic field so that each individual mass is isolated and detected in a 
scan of the ratio of mass to charge (m/e) for all components. The mtensity of the sharp peaks 
obtamed is related to the concentration of each fragment. In polymer work, mass spectroscopy 
is often used in conjunction with gas chromatography for detection of pyrolysis products given 
off when the polymer is decomposed. Sensitivity is very high, with as little as 10"^^ grams bemg 
detectable. Precision however is approximately 10 percent and therefore mass spectroscopy is not 
immediately applicable for following nunute degradation changes m polymers. 


7. Optical Emission Spectrography 


Optical emission spectrography is used for detection, identification, and semiquantitative 
analysis for elements m the range of 1 to 100 ppm. The mam components of this instrument 
are an arc or spark chamber, a diffraction grating of known spacing (1 ,5 meter, 25,000 line/mch), 
and a photographic film. The specimen is first burned m the spark chamber, and the hght 
emitted from the specimen then goes through a slit, is diffracted from the gratmg, and is re- 
corded on photographic film. The emission spectrum is analyzed by companson with a known 
standard spectrum. This is basically a qualitative technique and as such is not applicable to fol- 
lowing minute degradative changes. 


8. Electron Paramagnetic Resonance Spectrometry (EPR) 


Electron paramagnetic resonance is based on the splitting of Kramer’s degenerate electronic 
levels by a magnetic field and promotion of unpaired electrons from lower to upper levels by 
resonance absorption of electromagnetic radiation. Although it is analogous to NMR, they differ 
in many respects. EPR spectra must usually be thoroughly interpreted before an assignment can 
be made, whereas in NMR, identification of functional groups is relatively straightforward. EPR 
IS limited to the existence of unpaired electrons and is orders of magnitude higher than NMR 
with respect to sensitivity because the electron magnetic moment is much larger than the nuclear 
one. 


McMiUan(^m'^) indicated that the absolute number of unpaired spins present in the' sample 
can be determined by double mtegration of the first denvative curve. However, such a procedure 
is one of the most difficult m EPR spectroscopy because of the great difficulty in eliminating 
systematic error from the EPR measurement; therefore this procedure is not recommended. 
Relative determinations by comparison with standards of known concentration are preferred but 
even here, accuracies better than 10 percent are hard to attain. In view of this and the absence 
of any unique capabihties of EPR for the LSSA program, EPR is not recommended as a means 
of foUowmg photovoltaic-array degradation. Of course, this tool may still be useful for the post- 
mortem type of qualitative analysis which wdl be required m studying failure modes. ' 


VIII-4 



9. Nuclear Magnetic Resonance (NMR) 


Most nuclei possess angular momentum due to nuclear spin. In nuclear magnetic resonance 
(NMR) spectroscopy, the energy required to raise nuclear spin to higher energy states is measured. 
Since the amount of energy required is dependent on the kind of nuclear species present it can be 
used for compound identification. Nuclear magnetic resonance has found wide use in polymer 
characterization for elucidation of structure, stereoregulanty onentation, and relaxation. Because 
NMR is only a semiquantitative tool, it is not expected to be particularly useful for measunng 
the minute degradation changes of concern in the LSS.A program. It may, however, be useful in 
tear-down analyses to study failure modes. 


10. Mdssbauer Spectroscopyt^^^"^) 


Mbssbauer spectroscopy is a nuclear resonance technique which uses gamma photons of an 
appropriate frequency from a radioactive source to populate low-lymg nuclear energy levels in 
the sample. Nuclear resonance absorption (or scattering) is exhibited in nuchdes with excited 
state energies typically less than 150 keV, with hfetunes between lO'^O to 10“^ seconds. The 
energy width of the gamma photons is small enough so that no nuclei other than those of the 
Mbssbauer nuclide can be resonantly excited in the sample. For example, a commonly studied 
Mbssbauer isotope is 57Fe. If a radioactive source which populates the Fe-14.4 keV excited 
state, e.g., m palladium metal, is used then, regardless of which other elements are present 
m the sample, only the 57pe can be resonantly excited. Hence, in this respect this method is 
completely specific, and thus is limited to the Mbssbauer isotopes shown in Table VIII-1. 
Because of this limitation, Mbssbauer spectroscopy will be of limited value. It may be useful in 
followmg the darkemng of glass due .to change in the valence state of iron in glass The only 
photovoltaic-module metallization material to which Mbssbauer is sensitive is gold, which is not 
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(a) Periodic table of the Mossbauer isotopes, showing the number of isotopes 
(lower left corner) and nuclear transitions (upper right corner) for each 
element exhibiting the Mossbgper effect (nonshaded). [From J G. Stevens 
and V. E. Stevens, 1972. “Mossbauer Effect Data Index Covermg the 1970 
Literature.” Plenum" Press, New York.] 


- VIII-5 



expected to cause corrosion. Mossbauer spectroscopy has been used on organotin stabilizers of 
polyethylene and other polymers. In this respect it may possibly be of some use in measure- 
ment of polymer degradation rates, but further study would be needed before a definite recom- 
mendation could be made. 


1 1 . Chromatography 


Chromatography covers a variety of analytical techniques for separation and identification of 
components from a complex mixture. The mam components of these techniques are (1) the 
mobile phase, which is a flow system for carrying the specimen to be analyzed, (2) the stationary 
phase or the column; (3) a detector; and (4) a stnp-chart recorder. In some techmques, a piece 
of paper or a plate will serve for the last three items. The separation processes are based on dif- 
ferential migration of the mobile sample components through the stationary column. Once each 
component has gone through the column, the detector and strip-chart recorder record the con- 
centration and the time it takes to reach the peak maximum which is called “retention time”. A 
plot of this detector output on the ordinate verse time on the abscissa is called a “chromatogram” 
which is characteristic of a given compound on a specific column under a given set of conditions, 
i.e., flow rate, temperature, and pressure. Chromatograms can be used for analysis by companng 
with known standard references. 

Vanous chromatographic techniques have different forms of mobile and stationary phases 
Chromatography with a gas mobile phase is called gas chromatography; with a hquid or solution 
mobile phase it is called liquid chromatography. There are also a large number of stationary 
phases which can be solid or liquid in form. The choice depends on the mode of separation, 
i.e., separation by molecular size, solubility, or polarity. Therefore, chromatography can also be 
classified as absorption, partition, and ion-exchange chromatography. Several chromatigraphic 
techniques are discussed below. 


Gas Chromatography (GC) 

GC is used to separate volatile compounds and has both quahtative and quantitative applica- 
tion. The mobile phase is a gas, usually helium, that transports the compound through the 
column. The stationary phase can be solid or liquid; in most cases it is a liquid of low volatility. 
Actually the hquid is impregnated on a solid support, generally diatom aceous earth particles, 
that retain the liquid and allow gas flow. A flame ionization detector is used for routine analysis 
of a compound in the nanogram (10"9 g) range. GC has been apphed m the polymer field for 
identification of residues, monomers, and volatile additives in polymers. It is however a qualita- 
tive techmque and as such is not expected to be useful for measuring minute degradation rates 


High-Performance Liquid Chromatography (HPLC) 


ORIGINAL PAGE Ih 
QUALITY 


HPLC IS a high-resolution, high-speed, and high-sensitivity liquid-chromatographic technique. 
The mobile phase is a liquid which carries the compound to be analyzed through the column or 
the stationary phase, which can be solid (ngid gel) or liquid coated on a support material Poten- 
tially, liquid-liquid chromatography has greater versatility than liquid-solid chromatography, smce 
the pairs of liquid which can be used are numerous. In order to avoid phase miscibility, the 
stationary phase should be a good solvent to the sample, but a poor solvent for the mobile phase. 
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To obtain high speed, a narrow, long, high-resolution column operated at high, pressure is required. 
High-sensitivity detectors such as UV and IR photometers are used, which permit measurement of 
nanogram (10'^ g) quantities of the compound. HPLC, however, is a quahtative tool and as such 
IS not expected to be useful for measurement of degradation rates. 


Thin Layer Chromatography (TLC) 

Thin layer chromatography is considered a complementary techmque to paper chromatography 
and is most valuable when the materials to be analyzed are available only m minute quantities. The 
stationary phase of TLC is an absorption plate about 250 ja thick, on which separation is carried 
out. This chromatoplate is prepared by spreading a thin and umform layer of absorbent such as* 
sihca gel or alumma, together with a suitable binding agent, on a glass plate. A small drop of 
sample solution is placed on one end of the plate, and is allowed to air dry. The plate is then 
dipped in a container with a suitable developing agent such as phenol The developmg agent 
ascends along the plate by capillary action and causes the components m the sample mixture to 
migrate at differential speeds behind it. The separated components can be identified readily by 
treatment of the plate with suitable color-formmg reagents. Each component then appears as a 
smeared spot located at a rather well defined relative distance from the starting position and 
bearing a charactenstic color. 

TLC is not a quantitative method and therefore is not expected to be useful for measurmg 
the mmute degradation rates of mterest m the LSSA program. 


12. Neutron Diffraction 


Smce the wavelengths of neutrons and X-rays are of the same order (about 1 0 A), the 
theory and mechanism of X-ray diffraction can also be apphed to neutron diffraction. These 
techmques are useful for studymg the atomic and molecular structure of crystalline matenals. 
Neutron diffraction is more accurate and sensitive then X-ray diffraction for examination of 
extremely heavy and light atoms. X-rays are diffracted from the electrons of atoms and produce 
a picture of electron density. It follows that, heavy atoms such as lead and uranium wiU 
dominate m these pictures, and that a one-electron atom, i e., hydrogen, can be located and de- 
tailed with less accuracy. Neutrons are scattered by the neutrons of an atom. The scattering 
power depends on both the cube root of the atomic weight and the structure of the nucleus. 

The neutron diffraction technique is still at the university-laboratory level of development, 
smce a nuclear reactor is needed to produce a neutron beam. It is therefore deemed not ap- 
plicable to the goals of the LSSA project. 


13. Acoustic Emission 


Acoustic emission or stress-wave emission is a relatively new NDT techmque,(^^^^'10»^^I^"l^^ 
A schematic of the use of this technique is presented m Figure VIII-2.(^^^^'^^^ Stress waves are 
emitted by a material when plastic deformation occurs or when a microcrack propagates These 
stress waves may then be sensed with piezoelectnc transducers. This technique has the drawback 
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FIGURE Vm-2. SCHEMATIC OF ACOUSTIC EMISSION NOT TECHNIQUE 


that it can be employed only while defects are growing imder mechanical or thermal stress. Also, 
at the present time, it is difficult to mteipret quantitatively the signals which are detected. For 
these reasons, this technique was not selected for further analysis. 


14. Thermal Conductivity 


Many techniques are available for measuring the thermal conductivity of sohds. For low- 
conductivity materials such as glasses and polymers, the standard technique is the guarded hot 
plate, which is covered by ASTM Designation C-177,(^^^^“12) a schematic of the test section of 
a guarded hot plate apparatus is presented in Figure VIII-3. The test stack is composed of a 
guarded electrical heater (or hot plate) sandwiched between two identical flat-plate specimens 
which are further bounded by cooling plates. At steady-state conditions, the electrical energy 
supphed to the central heater of the hot plate is measured and is used m conjunction with 
measured temperature differences and specimen dimensions to obtain thermal-conductivity values. 
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The difficulties encountered in making thermal-conductivity measurements are well docu- 
mentedXV^II'13,VIII-14) Because of the many pitfalls which may be encountered, normal 
thermal-conductivity-measurement techniques were not considered in detail. Special techniques 
for use with modules may have some ment. A possible special techmque is to mstrument the 
cells and other parts of the module with very small thermocouples and then supply heat by 
passing a current through the cells in a reverse direction. This technique might prove to be use- 
ful in followmg the development of delaminations It is likely, however, that the initial occur- 
rence and growth of delaminations might be more easily detected by ultrasonic or optical 
techniques. 
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FIGURE VIII-3 SCHEMATIC OF GUARDED HOT PLATE 
THERMAL CONDUCTIVITY APPARATUS 
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15. Mechanical Strength 


Numerous methods .are used for measuring the mechanical strength and other related proper- 
ties, These methods usually mvolve the apphcation of a load to a specimen of a given geometry 
and a measurement of the resultmg deformation (elongation, deflection, etc.). The most familiar 
test is the tensile test illustrated in Figure VIIh4.(Vin-15) jjeje specimen is elongated at a 
uniform rate and a plot of load versus elongation (or equivalently, engineering stress versus strain) 
is obtained, as shown in Figure Various important features which may be read 

off a tensile stress-strain curve are: modulus of elasticity (initial slope of stress-strain curve), the 
yield stress (Oy), tensile strength (ug), and elongation at break (eg). Tests similar to this may 
also be run m compression. The typical test for measunng the strength of brittle matenals such 
as glass is the four-point bending test, in which a beam is supported at both ends and loads are 
applied symmetrically at two points in the center section. The load is then increased until the 
specimen breaks. 

Another type of test is the impact test, shown schematically m Figure VIIl-6.(^^^^'^^) 

Here, the sample in the form of a notched bar is placed across the jaws of the testing mechanism. 
A heavy pendulum, released from a known height, strikes and breaks the sample before its up- 
ward swing. The energy absorbed m the fracture is then calculated from a knowledge of the ini- 
tial and final potential energies of the pendulum. 

Smce strength tests are usually destructive and may require numerous rephcate samples (as 
in the case of glass), these tests were not considered for detailed evaluation for use in an accel- 
erated testing program. Further information on mechanical-property tests can be found in the 
ASTM Standards.(^m"l^>^m"l^) Many tests for the strength of adhesive bonds can be found 
in the book by Anderson, et al.(^m‘^9) 





FIGURE Vm-4. SCHEMATIC OF A TENSILE-TESTING APPARATUS - 
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FIGURE VIII-5. STRESS-STRAIN NOTATION 
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FIGURE VIlI-6. SCHEMATIC OF A STANDARD IMPACT- 
TESTING APPARATUS 
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16. Inelastic Electron Tunneling 
Spectroscopy (lETS) 


Inelastic tunneling spectroscopy is a technique which is currently employed to investigate 
the vibrational-rotational energy levels of organic materials and of bonds between thin layers of 
organic materials and metal oxide surfaces. The technique consists of measurmg the bias depen- 
dence of changes m the electron tunnelmg current through a tunneling structure which mcor- 
porates, as a dopant, the material to be studied and correlating these changes with known molec- 
ular transitions to effect an identification of the chemical species present. 

The tunneling structure used in these studies consists of two metal layers (each ~500 to 
3000 A thick) separated by a thin (~30 A) insulating layer in a sandwich-type structure. The 
metal layers are generally vacuum deposited. The insulating layer is usually formed by oxidation 
of the first metal layer. The oxide surface is then “doped” with the organic material to be 
studied — either by vacuum evaporation, dipping, or spin coating — to provide a thin (generally 
estimated to he a monolayer or less) layer. Finally, the second metal layer is deposited on top 
of the metal-oxide-dopant structure to complete the tunnel device. A commonly used structure 
consists of a 2000 A layer of aluminum, a 30 A layer of alummum oxide, the “dopant”, and a 
2000 A layer of lead. Lead is preferred as the top metal layer m most experiments because it 
appears to have a smaller effect on the dopant’s vibrational spectra than other candidates (VIIl-20) 

Electron tunnelmg is a quantum mechanical effect whereby an electron can penetrate 
through a potential barrier whose height is greater than the maximum energy of the electron. 
Figure VIII-7 is a simplified electron-energy-level diagram of a metal-msulator-metal junction 
across which a bias voltage V has been applied (Metal A is biased negatively with respect to 
Metal B). This bias results m a separation of the Fermi levels of the two metals by an amount 
eV. Elastic tunnehng (i.e., tunnelmg without energy loss) is represented by the horizontal 
motion of electrons (dashed Ime) near the Fermi level in Metal A through the msulator (I) to 
adj'acent vacant energy states above the Fermi level in Metal B. Elastic tunnel currents increase 
approximately linearly with bias voltage and typically constitute ~99 percent of the total tunnel 
current. Under certam conditions, a tunneling electron can excite a vibrational mode (result- 
ing m a transfer of energy, of a dopant molecule on or withm the insulating layer and still 
reach an empty state above the Fermi level in Metal B This can occur when 

eV > 

and results m inelastic tunneling currents which are of the order of 0.5 to 1 percent of the total 
tunnel current The diagram in Figure VHI-8 shows tunneling between two normal metals. In 
actuality, most inelastic electron tunnehng experiments employ one superconducting metal elec- 
trode and are performed at temperatures less than 10°K‘. This mode of operation results m in- 
creased resolution and affords a means of testing the junction to ensure that tunnelmg is the 
pnncipal means of current flow.(VIII-21) 

Figure VIII-9 illustrates the sample comtiuction and a simplified measurement circuit. Smce 
the change in the current (I) and the conductance (dl/dv) associated with the onset of an inelastic 
tunnel current is so small the second derivative, d^I/dV^ (or more typically d^V/dl^ which is 
reasonably Unearly related over the voltage range of mterest), is measured to accentuate the small 
change. The step in the plot of dl/dv versus V becomes a peak in the plot of d^I/dv^ versus V, 
as illustrated in Figure VIII-8. Figure VIII- 10 is a schematic of a typical mstrumentation arrange- 
ment for measurements with inelastic electron tunneling spectroscopy. Details of such 
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FIGURE VIIl-7. ELECTRON-ENERGY-LEVEL DIAGRAM OF A 
METAL-INSULATOR-METAL JUNCTION 

For eV > tunneling electrons can excite a 
molecular vibration of energy If eV < 
there are no available vacant states to which the 
electron can tunnel 
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FIGURE VIII-8. IDEALIZED INELASTIC ELECTRON 
TUNNELING SPECTRA 
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FIGURE VIII-9. SAMPLE CONSTRUCTION AND SIMPLIFIED 
MEASUREMENT CIRCUIT 

Note that multiple junctions are generally 
formed on a single substrate (glass slide). 
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measurements and extensive discussions of the history theory are given m the references cited m 
this section (and m references cited therein). 



FIGURE Vni-10. SCHEMATIC OF TYPICAL INSTRUMENTATION 
ARRANGEMENT FOR MEASUREMENTS WITH 
INELASTIC ELECTRON TUNNELING 
spectroscopy(vui-20) 

Standard electronics for tunneling spectroscopy 
includes an x—y chart recorder for recording 
tunneling spectra, versus V, and an 

oscilloscope for measuring I versus F as a 
check on junction quality 


Tunnelmg electrons can produce both IR-type (i.e., mtnnsic dipole moment) and Raman- 
type (i e., polanzability) interactions and, hence, the lETS spectra include both of these modes, 
although there is no direct correlation between the relative mtensities of observed mfrared or 
Raman lines and the corresponding tunneling peaks.(^^'^^'22) The lETS techmque is considered 
to be more sensitive than IR and Raman techniques and has been shown to exhibit sensitivities 
in the parts per million range m some cases. The methods used to fabncate the test units could, 
however, result in breakdown or alteration of the organic test matenal in such a way as to con- 
fuse degradation studies. The fact that materials must be volatile enough for vacuum deposition 
or dissolved for spin/spray deposition is also restrictive. In addition, mteraction of the dopant 
with the host insulator material and the possible presence of 0— H bonds withm the insulator 
could further confound the mterpretation of spectra for the purposes of degradation studies. 
Finally, while the lETS techmque is a sensitive means of establishing the identity of chemical 
species present, the quantitative mterpretation of lETS data to determine percentages or number 
of a given species present would be extremely difficult for the present state of the art. For 
these reasons lETS is felt to be not applicable for present or near-future degradation diagnostics 
and is not recommended for further investigation m this regard at this time. 
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